University of New Hampshire

University of New Hampshire Scholars' Repository
Doctoral Dissertations

Student Scholarship

Fall 2020

IMPROVED CATALYSIS VIA PENDANT AMINES IN THE
SECONDARY COORDINATION SPHERE
Zane Robert Thistleford
University of New Hampshire, Durham

Follow this and additional works at: https://scholars.unh.edu/dissertation

Recommended Citation
Thistleford, Zane Robert, "IMPROVED CATALYSIS VIA PENDANT AMINES IN THE SECONDARY
COORDINATION SPHERE" (2020). Doctoral Dissertations. 2535.
https://scholars.unh.edu/dissertation/2535

This Dissertation is brought to you for free and open access by the Student Scholarship at University of New
Hampshire Scholars' Repository. It has been accepted for inclusion in Doctoral Dissertations by an authorized
administrator of University of New Hampshire Scholars' Repository. For more information, please contact
Scholarly.Communication@unh.edu.

IMPROVED CATALYSIS VIA PENDANT AMINES IN
THE SECONDARY COORDINATION SPHERE

BY

ZANE R THISTLEFORD

B.S. Neuroscience & B.A. Chemistry, Brandeis University, 2013

DISSERTATION

Submitted to the University of New Hampshire
In Partial Fulfillment of
the Requirements for the Degree of

Doctor of Philosophy
In
Chemistry

September 2020

ALL RIGHTS RESERVED
© 2020
Zane Thistleford
ii

This dissertation was examined and approved in partial fulfillment of the requirements for the
degree of Doctor of Philosophy in Chemistry by:

Dissertation Director, Christine Caputo, Assistant Professor of Chemistry

Gonghu Li, Professor of Chemistry

Arthur Greenberg, Professor of Chemistry

Christopher Bauer, Professor of Chemistry

Jonathan Rochford, Associate Professor of Chemistry at University of Massachusetts, Boston

On July 27th, 2020

iii

Dedication

I mean it has to be my wife Krissy, right? I could dedicate it to myself but that seems gauche.

iv

Acknowledgements
First and foremost I would like to thank my advisor, Professor Christine Caputo, for
teaching me everything I know about research. When I first started I tried to do an overnight reflux
in an Erlenmeyer flask, without a condenser. She taught me every technique I needed to learn,
one-on-one, with a patience she has demonstrated every day since. As such, I tried to limit my
existential crises to once per semester. As your first graduate student, I hope our bumpy start leads
to great success down the road for both of us.
I would like to thank my past and present committee members: Professors Gonghu Li,
Arthur Greenberg, Christopher Bauer, Jonathan Rochford, Marc Boudreau, Sam Pazicni, and
Christine Thomas for their time and effort in refining my knowledge of Chemistry and the culture
of research.
I would also like to thank Professors Roy Planalp and Rudi Seitz for their help in
understanding specific topics contained in this dissertation, as well as for their continual
encouragement. Professor Planalp taught me the periodic trends of the transition metals as well as
many of their idiosyncrasies, and Professor Seitz was a go-to resource in understanding
electrochemistry and acidity.
I would like to thank the staff of the Chemistry department for all of their help with
navigating paperwork, chemical storage, and instruction. Cindi, Peg, Laura, Kristin, Jesse, Pat,
John, Sarah, Sue, Stephanie, Ian, and Trey have always treated me with the utmost respect and
professionalism. Actually, I’m going to put Cindi on this list twice.
Thank you to all of my friends in the department for your support, your time, your
discussions, and your perspective. Alicia, Brian, Carter, Charlie, DJ, Ethan, Hannah, Jon, MJ, Liz,
Mahmoud, Nick, Peiyuan, Rashi, Stacie, and Taylir: You have all been wonderful friends and
v

colleagues. I also want to express my gratitude to the graduate students to whom I turned most
often for their scientific expertise, Luke Fulton and Sebastian Pantovich. I want to thank the
undergraduate students who I had the pleasure of mentoring and learning from regularly: Anthony,
Fran, Josh, Julia, and Mike. It can be exhausting to work as a graduate student, and you
reinvigorated my interest in my work; I wish you all the best.
I want to honor two people who passed away during my time at UNH: Henry Wong, a
student of mine who demonstrated a willingness to ask questions and actually listen and learn from
the answers; and my grandmother Theresa Adler, who taught me how to live with unabashed love
and generosity for those around me, and to respond with sass and a smile to anyone who might
stand in my way. May their memories be a blessing.
None of this would be possible without the love and support of my friends and family. I
could not possibly name and do justice to all of them. My dad John sparked my interest in science
and the possibilities of the future, and my mom Hollie encouraged me to do the best I could at
whatever I tried. You both kept me on my forward path, and the only gratitude I could possibly
express is to keep going. My brothers Ben and David reminded me that there is more to life than
my work, and that we can always make time for more laughter. Thank you to my in-laws: Rachel,
Toby, Sonja, Karen, Bill, George, Jess, Keegan, Johann, Tully, and Olin, for offering me food for
the heart and stimulation for the mind.
And of course, my wife Krissy. I’ve said everything before, and I will keep saying it until
we are gone. Your love, patience, kindness, humor, and passion sustain me, and your heart is so
open as to let me return the favor. I won’t get too sappy in public, but know that you have given
me strength, and that this degree is for both of us. I can only hope that the work we have put in to
make this a reality will allow us to build a bright future for us and our family.
vi

Foreword
The path of scientific progress is not linear, nor is it particularly clean. I have done the best
I could to learn from my mistakes, continuously improve on my skills, and go where the science
took me. This means that the following dissertation is not in chronological order, which I would
consider to be Chapters 4, 3, 2, 5, and 3 again. This is reflected somewhat in the quality of the
electrochemical data, and in the justifications for project development.
Furthermore, this dissertation does not capture the work done on projects which did not
lead to any substantive conclusions, but which nonetheless have contributed to my development
as a scientist. As Abraham Lincoln did not say, “If you give me 6 hours to chop down a tree, I will
spend 4 of them sharpening my axe.” I may have gotten the ratio somewhat off, but science is
more about calibration than inspiration.
This dissertation also does not capture the work done by others for me, or by me for others.
I consider the work I did as a teacher, mentor, and colleague as some of my most important. A few
highlights: spearheading the revamped Inorganic Chemistry lab course; teaching a high school
student, Josh Reynolds, sufficiently for him to do a significant amount of the work for the BIANcyclam project; supervising Michael Moheban as he developed a unique and fascinating boronbased clamshell compound; and collaborating with Carter Holt to elucidate the electrochemical
behavior of 1,8-dihydrotriangulene.
Finally, I extend an open invitation to anyone who is interested in the work contained here,
or in my experience at the University of New Hampshire generally, to reach out to me without
hesitation. Regardless of what path I go down next, I hope that the work I have done and the
expertise I’ve developed are beneficial to the human endeavor.

vii

Table of Contents

Dedication ...................................................................................................................................... iv
Acknowledgements ......................................................................................................................... v
Foreword ....................................................................................................................................... vii
Table of Contents ......................................................................................................................... viii
List of Tables ................................................................................................................................ xii
List of Figures .............................................................................................................................. xiv
List of Abbreviations ................................................................................................................ xxxii
Abstract ................................................................................................................................... xxxvii
Chapter I. Electrochemical Approaches to Solar Fuel Development ............................................. 1
1.0 Introduction ..........................................................................................................................................1
1.0.1. The Necessity of Solar Fuels .......................................................................................................1
1.0.2. Carbon Dioxide Reduction by Multi-Electron Processes.............................................................2
1.0.3. The Role of Dihydrogen Generation in Solar Fuels .....................................................................3
1.0.4. The Relationship between Electrocatalysis and Photocatalysis ...................................................4
1.0.5. CO2 Reduction by Homogeneous First Row Transition Metal Catalysts ....................................7
1.0.6. H2 Evolution by Homogeneous First Row Transition Metal Catalysts ...................................... 10
1.1. Ligand Design Features of Homogeneous Catalysts ......................................................................... 11
1.1.1. Redox Non-innocence................................................................................................................ 11
1.1.2. Pendant Amines ......................................................................................................................... 12
1.2. Electrochemical Techniques under Catalytic and Non-Catalytic Conditions .................................... 14

viii

1.3. Materials and Methods ...................................................................................................................... 17
1.4. Overview of Chapters ........................................................................................................................ 18

Chapter II. Installation of Steric Bulk at the 6,6′-positions in Mn-bpy Complexes and its Impact
on Electrochemical CO2 Reduction .................................................................................. 21
2.0. Introduction ....................................................................................................................................... 21
2.0.1. CO2 reduction electrocatalysis by manganese bipyridine complexes ........................................ 21
2.0.2. Dimer inhibition via bipyridine ligand functionalization ........................................................... 24
2.1. Results and Discussion ...................................................................................................................... 28
2.1.1. Synthesis and Characterization of Complexes ........................................................................... 28
2.1.2. Electrochemical Behavior under Non-Catalytic Conditions. ..................................................... 29
2.1.3. Selectivity and Efficiency of Electrocatalysis............................................................................ 49
2.1.4. Property Comparisons of Novel and Literature Complexes ...................................................... 53
2.2. Experimental...................................................................................................................................... 64
2.2.1. Synthesis of Manganese Complexes .......................................................................................... 64
2.3. Conclusions ....................................................................................................................................... 74

Chapter III. Introduction of Pendant Amines to Mn(R-bpy)(CO)3X Complexes and their Impact
on Electrocatalysis. ........................................................................................................... 77
3.0. Introduction ....................................................................................................................................... 77
3.0.1. Pendant Amine-functionalized Mn Bipyridine Complexes in CO2-reduction Catalysis. ........... 77
3.1. Results and Discussion ...................................................................................................................... 81
3.1.1. Synthesis and Characterization of Pendant-functionalized Bipyridine Ligands and Complexes.
........................................................................................................................................................................... 81
3.1.2. Analysis of Crystal Structures. .................................................................................................. 87
3.1.3. Redox Behavior of Novel Complexes under Non-catalytic Conditions .................................... 94
3.1.4. Catalytic CO2 Reduction by Mn Bipyridine Catalysts with Pendant Amines. ......................... 101

ix

3.3. Experimental.................................................................................................................................... 109
3.3.1. Synthetic Procedures................................................................................................................ 109
3.3.2. Experimental Spectra ............................................................................................................... 116
3.3.3. Catalytic Activity ..................................................................................................................... 136
3.3.4. X-ray Data Tables .................................................................................................................... 138
3.4. Conclusions ..................................................................................................................................... 144

Chapter IV. Influence of Pendant Amines on First-Row Transition Metal Complexes with BIAN
Ligands. ........................................................................................................................... 146
4.0. Introduction ..................................................................................................................................... 146
4.0.1. The BIAN ligand system ......................................................................................................... 146
4.0.2. BIAN Complexes and Catalysis .............................................................................................. 149
4.0.3. The Clamshell Ligand and Complexes .................................................................................... 157
4.0.4. BIAN Tetraazamacrocycles ..................................................................................................... 160
4.1. Results and Discussion .................................................................................................................... 162
4.1.1. Synthesis of Ligands and 1st-Row Late Transition Metal Complexes ..................................... 162
4.1.2. Redox Behavior of Complexes ................................................................................................ 184
4.2. Experimental.................................................................................................................................... 204
4.2.1. Synthesis of the Clamshell Ligand........................................................................................... 204
4.2.2. Synthesis of Clamshell Metal Complexes via Complexation .................................................. 207
4.2.3. Synthesis of Clamshell and Clamshell-like Metal Complexes via Templating ....................... 210
4.2.4. Synthesis of Sulfonated-Clamshell Compounds ...................................................................... 213
4.2.5. Synthesis of the BIAN-cyclam Ligand .................................................................................... 216
4.2.6. Synthesis of BIAN-cyclam Complexes. .................................................................................. 220
4.2.7. NMR Spectra of BIAN Compounds ........................................................................................ 223
4.2.8: X-Ray Crystallography Data ................................................................................................... 232
4.3. Conclusions ..................................................................................................................................... 236

x

Chapter V. Investigation of a Metal-Free Ligand for Electrocatalytic H2 Production in Acidic
Media. ............................................................................................................................. 239
5.0. Introduction ..................................................................................................................................... 239
5.1. Results and Discussion .................................................................................................................... 242
5.1.1. Synthesis of Anbpy and Anpyr ................................................................................................ 242
5.1.2. Characterization of pH-dependent Behavior ............................................................................ 243
5.1.3. Electrochemical Experiments .................................................................................................. 251
5.2. Experimental.................................................................................................................................... 261
5.3. Conclusions ..................................................................................................................................... 266

Chapter VI. Conclusions and Future Directions ......................................................................... 269
References ................................................................................................................................... 276
Appendix ..................................................................................................................................... 288
A. Guidelines for Proper Citation of Published Materials ...................................................................... 288
B. Informal Recommendations for Future Work .................................................................................... 294
C. Summary of Work for a Nonscientific Audience ............................................................................... 297

xi

List of Tables
Table 1: Redox potentials (V vs. Fc/Fc+) measured for Mn(L)(CO)3Br complexes, L is specified.
Scan rate is 100 mV s−1 except for 24 which was measured at of 50 mV s−1 (†) and 500 mV
s−1 (‡). Cyclic voltammetry performed in 0.1 M [Bu4N][PF6] solutions in the solvent
specified. Values for literature compounds taken from Bourrez et al. (2011), Tignor et al.
(2019), and Sampson et al. (2014). ................................................................................... 30
Table 2: Calculated free energy differences of uncharged [Mn(L)(CO)3]2 (= 0 kcal/mol),
Mn(L)(CO)3, and Mn(L)(CO)3(CH3CN) carried out using density functional theory (DFT)
as implemented in Parallel Suite ’18. ............................................................................... 40
Table 3: Controlled Potential Electrolysis (CPE) Results for 23, 24-OTf, 25-OTf, and 26. ...... 52
Table 4: Relevant computational and experimental properties of Mn(bpy)(CO)3Br, Mn(4,4ʹMe2bpy)(CO)3Br, 23, 24, 25, and 26. ‡MLCT λmax for 25 confirmed by fluorescence
spectroscopy rather than UV-Vis spectroscopy. *MLCT and Potentials taken from Tignor
et al. (2019). ...................................................................................................................... 55
Table 5: Comparison of ground state energy of 38-40 in different coordination states. Calculations
are carried out using density functional theory (DFT) as implemented in Parallel Suite ’18.
Calculations are optimized at the B3LYP functional level using the 6-31+G* basis set,
ground state, polar solvent, Mn(I) state. ........................................................................... 94
Table 6: Comparison of ground state energy of 38-40 in different coordination states. Calculations
are carried out using density functional theory (DFT) as implemented in Parallel Suite ’18.
Calculations are optimized at the B3LYP functional level using the 6-31+G* basis set,
ground state, polar solvent, Mn(0) state............................................................................ 96
xii

Table 7: Summary of CPE on 38-40 and 38-OTf-40-OTf. ....................................................... 106
Table 8: X-Ray Data Table for 38. ............................................................................................. 138
Table 9: Data collection and structure refinement for 38........................................................... 139
Table 10: X-Ray Data Table for 38-MnCl2 ............................................................................... 139
Table 11: Data collection and structure refinement for 38-MnCl2 ............................................ 140
Table 12: X-Ray Data Table for 38-MnClBr ............................................................................ 141
Table 13: Data collection and structure refinement for 38-MnClBr ......................................... 141
Table 14: X-Ray Data Table for 39-CMe2................................................................................. 142
Table 15: Data collection and structure refinement for 39-CMe2. ............................................ 143
Table 16: Comparison of ground state energies (gas phase) of different coordination environments
for 66. .............................................................................................................................. 181
Table 17: X-ray Data Table for 62. ............................................................................................ 233
Table 18: Bond Lengths for Crystal of 62.................................................................................. 233
Table 19: X Ray Data Table for 54. ........................................................................................... 234
Table 20: Bond Lengths for Crystal of 54.................................................................................. 235

xiii

List of Figures

Figure 1: Reduction potentials of CO2 to other products by the addition of protons and electrons,
vs NHE standard (pH = 0). Actual catalysis may require larger potentials to achieve. Values
taken from Tran et al. (2012). ............................................................................................. 3
Figure 2: Reduction potential of H+ to H2 by the addition of electrons, vs NHE standard (pH = 0).
Actual catalysis may require larger potentials to achieve. Taken from Tran et al. (2012). 4
Figure 3: Symbolic representations of homogeneous, hybrid, and heterogeneous catalysis. Taken
from Zhang et al. (2018). .................................................................................................... 5
Figure 4: Iron porphyrin electrocatalysts 1 and 2. ......................................................................... 5
Figure 5: Schematic representations of different catalytic systems. Taken from Dalle et al. (2019).
............................................................................................................................................. 6
Figure 6: CO2 reduction catalysts. ................................................................................................. 9
Figure 7: H2 generation catalysts. Structures of 15 and 16 taken from Dalle et al. (2019). ........ 10
Figure 8: Functionalized Ni(cyclam) complexes. ........................................................................ 14
Figure 9: Common three-electrode setup for cyclic voltammetry. Taken from Elgrishi et al.
(2018). ............................................................................................................................... 15
Figure 10: A cyclic voltammogram of the reference compound Ferrocene (Fc) under standard
conditions (left), as well as an example of current increase under catalytic conditions.
Taken from McKinnon et al. (2018 and 2019). ................................................................ 15
Figure 11: General redox behavior of Mn(R-bpy)(CO)3Br catalysts in CH3CN in the presence of
CO2 and Brønsted acid. ..................................................................................................... 22

xiv

Figure 12: Cyclic Voltammetry of Mn(mesbpy)(CO)3Br and Mn(bpy)(CO)3Br under N2
demonstrating the absence of dimer formation and cleavage peaks. This figure uses the
American CV conventions (cathodic potential/current up and right). Figure taken from
Sampson et al. (2014). ...................................................................................................... 24
Figure 13: Cyclic Voltammetry of Mn(L)(CO)3(CH3CN)+ complexes under N2. This figure uses
the American CV conventions. L = bpy (1), phen (2), 2,9-Me2phen (3), bqn (4). This figure
was taken from McKinnon et al. (2019). .......................................................................... 27
Figure 14: Novel complexes Mn(6-Mebpy)(CO)3Br 23, Mn(6,6ʹ-Me2bpy)(CO)3Br 24, and
Mn(pqn)(CO)3Br 25, as well as literature compound Mn(bqn)(CO)3Br 26. .................... 28
Figure 15: Cyclic voltammograms of 1 mM Mn(6,6ʹ-Me2bpy)(CO)3Br (24) in dry CH3CN with
0.1 M [Bu4N][PF6] as the supporting electrolyte under an atmosphere of N2. ................ 31
Figure 16: Cyclic voltammograms of 1 mM Mn(6,6ʹ-Me2bpy)(CO)3Br, taken from Tignor et al.
(2019). ............................................................................................................................... 31
Figure 17: DFT models of Mn(bipy)(CO)3, Mn(6-Mebpy)(CO)3, and Mn(6,6ʹ-Me2bpy)(CO)3 at
−1, 0, and +1 overall charge. Ln (Dihedral angles): bipy−1 (0.08°); bipy0 (0.00°); bipy+1
(0.06°); 6-Mebpy−1 (0.30°); 6-Mebpy0 (0.19°); 6-Mebpy+1 (19.26°); 6,6ʹ-Me2bpy−1
(10.26°); 6,6ʹ-Me2bpy−1 (10.26°); 6,6ʹ-Me2bpy0 (21.22°); 6,6ʹ-Me2bpy+1 (32.40°).......... 32
Figure 18: Cyclic voltammetry of [Mn(mesbpy)(CO)3(CH3CN)]OTf in THF under N2. This figure
uses the American convention. This figure was taken from Sampson et al. (2014)......... 33
Figure 19: Cyclic voltammetry of Mn(6,6ʹ-Me2bpy)(CO)3Br (24) in THF under N2 with 0.1M
[Bu4N][PF6] supporting electrolyte................................................................................... 35

xv

Figure 20: Cyclic voltammetry of Mn(6,6ʹ-Me2bpy)(CO)3Br (24) under N2 with 0.1M
[Bu4N][PF6] supporting electrolyte demonstrating concentration- and scan-rate-dependent
dimerization behavior. Scan rate = (A) 50 mV/s; (B) 500 mV/s. ..................................... 37
Figure 21: Cyclic voltammograms of 1 mM Mn(6-Mebpy)(CO)3Br (23) in dry CH3CN with 0.1
M [Bu4N][PF6] as the supporting electrolyte under an atmosphere of N2. ....................... 39
Figure 22: Structures of neutral complexes modelled for ground state energy differences, with
2,2ʹ-bipyridine as the ligand. ............................................................................................. 39
Figure 23: Spartan models of novel and literature complexes. Calculated average dihedral angles:
Mn(bipy)(CO)3Br – 4.04°; Mn(mesbpy)(CO)3Br – 20.05°; 23 – 15.22°; 24 – 24.66°; 25
– 16.62°; 26 – 26.39°. ....................................................................................................... 41
Figure 24: Hypothetical isomers of 25 and 26 which maintain electron delocalization but limit
direct steric influence. ....................................................................................................... 42
Figure 25: Cyclic voltammograms of 1 mM Mn(bqn)(CO)3Br (26) in dry CH3CN with 0.1 M
[Bu4N][PF6] as the supporting electrolyte under an atmosphere of N2. ........................... 43
Figure 26: Cyclic voltammetry of Mn(bqn)(CO)3Br (26) under N2 with 0.1M [Bu4N][PF6]
supporting electrolyte. (A) 1 mM analyte in THF; (B) 5 mM analyte in CH3CN, 50 mV/s;
(C) 5 mM analyte in CH3CN. 10 mV/s............................................................................. 44
Figure 27: Cyclic voltammetry of 1 mM Mn(pqn)(CO)3Br (25) under N2 in dry CH3CN with 0.1M
[Bu4N][PF6] supporting electrolyte at varying scan rates. ................................................ 46
Figure 28: Cyclic voltammetry of 1 mM Mn(pqn)(CO)3(OTf) (25-OTf) under N2 in dry CH3CN
with 0.1M [Bu4N][PF6] supporting electrolyte at varying scan rates. .............................. 46
Figure 29: Cyclic voltammograms of 0.2 mM Mn(pqn)(CO)3(OTf) (25-OTf) in dry CH3CN with
0.1 M [Bu4N][PF6] as the supporting electrolyte under an atmosphere of N2. ................. 47
xvi

Figure 30: Cyclic voltammetry of 1 mM Mn(pqn)(CO)3(OTf) (25-OTf) under N2 in dry CH3CN
with 0.1M [Bu4N][PF6] supporting electrolyte at 100 mV/s with varying scan windows.
........................................................................................................................................... 47
Figure 31: Cyclic voltammetry of Mn(6,6ʹ-Me2bpy)(CO)3Br (24, blue) and Mn(6,6ʹMe2bpy)(CO)3(OTf) (24-OTf, red) under N2 in dry CH3CN with 0.1M [Bu4N][PF6]
supporting electrolyte, scan rate = 100 mV/s.................................................................... 48
Figure 32: Cyclic voltammetry of Mn(6,6ʹ-Me2bpy)(CO)3Br (24, left) and Mn(6,6ʹMe2bpy)(CO)3(OTf) (24-OTf) with 0.1M [Bu4N][PF6] supporting electrolyte, scan rate =
100 mV/s, under N2 or CO2 with 5% (v/v) H2O added. ................................................... 49
Figure 33: Cyclic voltammetry of 1 mM solutions of 23, 24-OTf, 25-OTf, and 26 with 0.1M
[Bu4N][PF6] supporting electrolyte, scan rate = 100 mV/s under N2, CO2, and CO2 + 5%
(v/v) H2O conditions. ........................................................................................................ 50
Figure 34: Mn(L)(CO)3Br compounds used for property comparison with novel species. Taken
from Tignor et al. (2019). ................................................................................................. 54
Figure 35: Side view of Spartan models of Mn(4,4ʹ-Me2bpy)(CO)3Br (dihedral angle = 4.04°) and
24 (dihedral angle = 24.66°). ............................................................................................ 54
Figure 36: Comparison of MLCT λmax and HOMO-LUMO gap for relevant novel and literature
Mn(R-bpy)(CO)3Br complexes with electron-donating substituents. .............................. 56
Figure 37: Comparison of MLCT λmax and HOMO-LUMO gap for relevant novel and literature
Mn(R-bpy)(CO)3Br complexes with electron-withdrawing substituents. ........................ 56
Figure 38: Comparison of dihedral angle and HOMO-LUMO gap for relevant novel and literature
Mn(R-bpy)(CO)3Br complexes with electron-donating substituents. .............................. 57

xvii

Figure 39: Comparison of dihedral angle and HOMO-LUMO gap for relevant novel and literature
Mn(R-bpy)(CO)3Br complexes with electron-withdrawing substituents. ........................ 58
Figure 40: Comparison of dihedral angle and HOMO-LUMO gap for Mn(R-bpy)(CO)3Br
complexes with extended aromatic ligand conjugation. ................................................... 59
Figure 41: Comparison of anion-forming potential (at 100 mV/s) and HOMO-LUMO gap for
relevant novel and literature Mn(R-bpy)(CO)3Br complexes with electron-donating
substituents. Values for literature complexes vary based on scan rate. ............................ 59
Figure 42: Comparison of anion-forming potential (at 100 mV/s) and HOMO-LUMO gap for
relevant novel and literature Mn(R-bpy)(CO)3Br complexes with electron-withdrawing
substituents........................................................................................................................ 60
Figure 43: Comparison of anion-forming potential (at 100 mV/s) and MLCT λmax for relevant
novel and literature Mn(R-bpy)(CO)3Br complexes with electron-donating substituents.
........................................................................................................................................... 61
Figure 44: Comparison of anion-forming potential (at 100 mV/s) and MLCT λmax for relevant
novel

and

literature

Mn(R-bpy)(CO)3Br

complexes

with

electron-withdrawing

substituents........................................................................................................................ 61
Figure 45: Randles-Sevcik plot for the reduction (bottom) at −1.6 V, the reduction (middle) at
−1.7 V, and the oxidation (top) at −1.5 V of 23 recorded at 1 mM concentration in 0.1 M
Bu4NPF6 CH3CN under N2. The scan rate for the reduction was varied as 20, 50, 100, 200,
500, and 1000 mV s−. ........................................................................................................ 64
Figure 46: Complexation reaction forming compounds 23-26. ................................................... 64
Figure 47: Formation of Mn(L)(CO)3(OTf), L = 6,6ʹ-dimethyl-2,2ʹ-bipyridine (24-OTf), 2pyridyl-2ʹ-quinoline (25-OTf) via intermediate Mn(CO)5(OTf) ...................................... 67
xviii

Figure 48: 1H NMR spectrum (400 MHz, d6-DMSO) of Mn(6-Mebpy)(CO)3Br (23)................ 68
Figure 49: 1H NMR spectrum (400 MHz, d6-DMSO) of Mn(6,6ʹ-Me2bpy)(CO)3Br (24). ......... 69
Figure 50: 13C NMR spectrum (100 MHz, d6-DMSO) of Mn(6,6ʹ-Me2bpy)(CO)3Br (24). ........ 69
Figure 51: 1H NMR spectrum (400 MHz, d6-DMSO) of Mn(Pyquin)(CO)3Br (25). Peak at 3.3
ppm is water contamination. ............................................................................................. 70
Figure 52: FTIR of Mn(6-Mebpy)(CO)3Br (23). ......................................................................... 71
Figure 53: FTIR of Mn(6,6ʹ-Me2bpy)(CO)3Br (24). .................................................................... 71
Figure 54: FTIR of Mn(pqn)(CO)3Br (25). .................................................................................. 72
Figure 55: FTIR of Mn(bqn)(CO)3Br (26). .................................................................................. 72
Figure 56: UV-Vis absorption spectra of synthesized complexes, normalized to the π- π*
transition. Inset: view of MLCT band range. .................................................................... 73
Figure 57: Excitation and emission spectra of 1 mM 25 in acetonitrile. Emission is caused by both
π-π* excitation and MLCT excitation. .............................................................................. 74
Figure 58: Effect of local pendant amine on M-COOH intermediate by Mn(6-o-phenol-2,2ʹbipyridine)(CO)3Br (30). A lack of similar activity is seen for the analogous
methoxyphenol complex (31). Taken from Agarwal et al. (2015). .................................. 79
Figure 59: Relevant literature and novel Mn(R-bpy)(CO)3X (X = Br, CH3CN) complexes with
pendant bases. ................................................................................................................... 80
Figure 60: Synthetic route of Mn(dmabpy)(CO)3X (X = Br, OTf) (38 and 38-OTf).................. 81
Figure 61: Synthetic route of Mn(Hzbpy)(CO)3X (X = Br, OTf) (39 and 39-OTf). ................... 82
Figure 62: Synthetic route of Mn(Anbpy)(CO)3X (X = Br, OTf) (40 and 40-OTf).................... 82
Figure 63: FTIR of 38. ................................................................................................................. 83
Figure 64: FTIR of 38-OTf. ......................................................................................................... 84
xix

Figure 65: FTIR of 39. ................................................................................................................. 84
Figure 66: FTIR of 39-OTf. ......................................................................................................... 85
Figure 67: FTIR of 40. ................................................................................................................. 85
Figure 68: FTIR of 40-OTf. ......................................................................................................... 86
Figure 69: Formation of 38-MnBrCl during crystallization of 38. ............................................. 86
Figure 70: FTIR of 38-MnCl2. .................................................................................................... 87
Figure 71: Formation of 39-CMe2 during recrystallization of 39 in acetone. ............................. 87
Figure 72: X-ray structure of 38. Hydrogen atoms omitted for clarity. ....................................... 88
Figure 73: X-ray crystal structures of 38-MnCl2 and 38-Mn-ClBr. Hydrogens omitted for clarity.
........................................................................................................................................... 90
Figure 74: X-ray crystal structures of A) Mn(κ3-tpy)(CO)2−; B) Re(dmabpy)(CO)3Cl; C) Zn(κ3dmabpy)Cl2; and D) Hg(κ3-dmabpy)Cl2. Hydrogen atoms omitted for clarity. Taken from
Machan et al. (2016), Talukdar et al. (2020), and Liu et al. (2006). ............................... 90
Figure 75: X-ray crystal structure of 39-CMe2. ........................................................................... 91
Figure 76: Structure and X-ray crystal structure of Re(6-N-methylamino-2,2ʹ-bipyridine)(CO)3Cl.
Taken from Hellman et al. (2019). ................................................................................... 92
Figure 77: Spartan models of 39 in different coordination states, with H3O+ added. A)
Uncoordinated; B) N3-Mn coordination; C) N4-Mn equatorial coordination with CO loss;
D) N4-Mn equatorial coordination with Br loss; E): N4-Mn axial coordination with Br loss.
........................................................................................................................................... 93
Figure 78: Cyclic voltammetry of 38 under N2 in dry CH3CN with 0.1M [Bu4N][PF6] supporting
electrolyte, at varying scan rates. ...................................................................................... 95

xx

Figure 79: Calculated structure and experimental CV of Re(R-bpy)(CO)3Cl with 4,4ʹbis(methylacetamidomethyl) substituents. CV performed with glassy carbon working
electrode, Ag/AgCl pseudo-reference electrode, Pt wire counter electrode, 0.1 M
[Bu4N][PF6] in CH3CN, 10 mM analyte, 100 mV/s. Taken from Machan et al. (2014). . 97
Figure 80: Cyclic voltammetry of 39 under N2 in dry CH3CN with 0.1M [Bu4N][PF6] supporting
electrolyte, at varying scan rates. ...................................................................................... 98
Figure 81: Surfaces of HOMO for Mn(6-Mebpy)(CO)3+ (left) and Mn(Hzbpy)(CO)3+ (isovalues
= 0.03). .............................................................................................................................. 98
Figure 82: Cyclic voltammetry of 40 under N2 in dry CH3CN with 0.1M [Bu4N][PF6] supporting
electrolyte, at varying scan rates. ...................................................................................... 99
Figure 83: Cyclic voltammetry of 40-OTf under N2 in dry CH3CN with 0.1M [Bu4N][PF6]
supporting electrolyte, at varying scan rates. .................................................................. 100
Figure 84: Cyclic voltammetry of 40 under N2 in dry THF with 0.1M [Bu4N][PF6] supporting
electrolyte, at varying scan rates. .................................................................................... 101
Figure 85: Cyclic voltammograms of 1mM 38 and 0.33M TFE in CH3CN under CO2. ........... 103
Figure 86: Cyclic voltammograms of 1mM 39 and 0.33M TFE in CH3CN under CO2. ........... 104
Figure 87: Cyclic voltammograms of 1mM 40 and 0.33M TFE in CH3CN under CO2. ........... 104
Figure 88: Possible mechanism for reduction of hydrazine group in 39, leading to current
enhancement under CO2. Possible interactions with H+ for H2 generation not shown... 107
Figure 89: Re(6-(2-amino)phenyl-2,2ʹ-bipyridine)(CO)3Cl. ..................................................... 108
Figure 90: Mn(NNS)(CO)nBr complexes. Taken from Lumsden et al. (2014). ........................ 109
Figure 91: Synthesis of 6-[2-(2-nitrophenyl)ethenyl]-6ʹ-methyl-2,2ʹ-bipyridine. ..................... 110
Figure 92: Synthesis of Anbpy................................................................................................... 111
xxi

Figure 93: Complexation to make 38-40. .................................................................................. 112
Figure 94: Anion substitution reaction to replace Br with OTf. ................................................ 114
Figure 95: Synthesis of Mn(R-bpy)(CO)3(OTf) from Mn(CO)5(OTf). ..................................... 115
Figure 96: 1H NMR spectrum (400 MHz, CDCl3) of 6-[2-(2-nitrophenyl)ethenyl]-6ʹ-methyl-2,2ʹbipyridine. ....................................................................................................................... 116
Figure 97: Mass spectrum of 6-[2-(2-nitrophenyl)ethenyl]-6ʹ-methyl-2,2ʹ-bipyridine. ............ 117
Figure 98: COSY NMR (400 MHz, CDCl3) of 6-[2-(2-nitrophenyl)ethenyl]-6ʹ-methyl-2,2ʹbipyridine. ....................................................................................................................... 117
Figure 99: 1H NMR Spectrum (400 MHz, CDCl3) of Anbpy (6-[2-(2-aminobenzyl)ethyl]-6ʹmethyl-2,2ʹ-bipyridine). .................................................................................................. 118
Figure 100:

13

C NMR spectrum (101 MHz, CDCl3) of Anbpy (6-[2-(2-aminobenzyl)ethyl]-6ʹ-

methyl-2,2ʹ-bipyridine). .................................................................................................. 119
Figure 101: COSY NMR (400 MHz, CDCl3) of Anbpy (6-[2-(2-aminobenzyl)ethyl]-6ʹ-methyl2,2ʹ-bipyridine)................................................................................................................ 119
Figure 102: Mass spectrum of Anbpy (6-[2-(2-aminobenzyl)ethyl]-6ʹ-methyl-2,2ʹ-bipyridine).
......................................................................................................................................... 120
Figure 103: 1H NMR Spectrum (400 MHz, d6-DMSO) of 40. .................................................. 121
Figure 104: 13C NMR Spectrum (100 MHz, d6-DMSO) of 40. ................................................. 122
Figure 105: 1H NMR Spectrum (400 MHz, CDCl3) of dmabpy................................................ 123
Figure 106: 13C NMR spectrum (101 MHz, CDCl3) of dmabpy. .............................................. 124
Figure 107: 1H NMR Spectrum (400 MHz, d6-DMSO) of 38. .................................................. 125
Figure 108: 13C-NMR (101 MHz, d6-DMSO) of 38. ................................................................. 126
Figure 109: Mass spectrum of 38. .............................................................................................. 126
xxii

Figure 110: Mass Spectrum of 1-MnCl2. .................................................................................. 127
Figure 111: 1H NMR Spectrum (400 MHz, CDCl3) of Hzbpy. ................................................. 128
Figure 112: 1H NMR Spectrum (400 MHz, d6-DMSO) of 39. .................................................. 129
Figure 113: Mass Spectrum of 39-CMe2. .................................................................................. 129
Figure 114: UV-Vis spectroscopy of 0.1 mM Mn(L)(CO)3X in acetonitrile. ........................... 130
Figure 115: CV of 1 mM 38 with varying H2O in CH3CN under N2 and CO2, 100 mV/s. ....... 130
Figure 116: CV of 1 mM 38 with varying MeOH in CH3CN under N2 and CO2, 100 mV/s. ... 131
Figure 117: CV of 1 mM 38 with varying TFE in CH3CN under N2 and CO2, 100 mV/s. ....... 131
Figure 118: CV of 1 mM 39 with varying H2O in CH3CN under N2 and CO2, 100 mV/s. ....... 132
Figure 119: CV of 1 mM 39 with varying MeOH in CH3CN under N2 and CO2, 100 mV/s. ... 132
Figure 120: CV of 1 mM 39 with varying TFE in CH3CN under N2 and CO2, 100 mV/s. ....... 133
Figure 121: CV of 1 mM 40 with varying H2O in CH3CN under N2 and CO2, 100 mV/s. ....... 133
Figure 122: CV of 1 mM 40 with varying MeOH in CH3CN under N2 and CO2, 100 mV/s. ... 134
Figure 123: CV of 1 mM 40 with varying TFE in CH3CN under N2 and CO2, 100 mV/s. ....... 134
Figure 124: CV of 1 mM 40-OTf with varying TFE in CH3CN under N2, 100 mV/s. ............. 135
Figure 125: Turnover Number (TON) and Faradaic Efficiency (%FE) of CPE of Mn complexes.
......................................................................................................................................... 138
Figure 126: General structures of bipyridine (left) and BIAN ligands (middle), as well as a BIAN
complex with N-aryl substituents (right). ....................................................................... 147
Figure 127: Examples of BIAN ligand functionalization. A) Coupling catalytic and
photosensitizer capabilities by sulfide functionalization of naphthyl backbone, taken from
Topf et al. (2017). B) Reduction of diimine to amido-imine BIAN; C) reduction and
dearomatization of naphthyl backbone, taken from Evans et al. (2013). ....................... 148
xxiii

Figure 128: General synthesis and hydrolytic decomposition of a BIAN ligand from primary
amines and acenaphthenequinone (left). A BIAN complex which is both stable to
hydrolysis and soluble in water (right). .......................................................................... 149
Figure 129: Complexes capable of holding a formal tetraanionic charge within the BIAN ligand.
Taken from Fedushkin et al. (2003) and Hazari et al (2016). ........................................ 149
Figure 130: Mn and Fe BIAN complexes. ................................................................................. 151
Figure 131: Behavior of diimines upon complexation with Ni0 leading to formal Ni oxidation.
Oxidation of the reduced diimine occurs in the presence of adventitious oxygen. ........ 152
Figure 132: Ni and Co complexes demonstrating persistent BIAN reduction due to chemical
reduction. Taken from Khusniyarov et al. (2006). ......................................................... 153
Figure 133: Cobalt catalysts 49 and 50. Two solvent molecules (not shown) coordinate the metal
center. .............................................................................................................................. 154
Figure 134: BIAN complexes with different N-aryl groups demonstrating the effect of substituents
on the second reduction of the complex. Potentials vs Ag/AgCl. Taken from Zhou et al.
(2018). ............................................................................................................................. 155
Figure 135: Co-BIAN complexes with more facile reduction due to pendant coordination. .... 155
Figure 136: Ni-BIAN complexes which can access the Ni(I) oxidation state via chemical or
electrochemical reduction. Ar = 2,6-diisopropylphenyl; COD = 1,5-cyclooctadiene. Taken
from Khrizanforova et al. (2019). ................................................................................... 156
Figure 137: Ligands and complex from original Clamshell paper, as well as mechanism of axial
donation leading to inhibition of coordination from either axial site. ............................ 157
Figure 138: Eu-BIAN complexes. ............................................................................................. 158

xxiv

Figure 139: N-heterocyclic phosphenium species with clamshell ligand demonstrating Lewis acid
and base behavior. ........................................................................................................... 159
Figure 140: Novel clamshell complexes. ................................................................................... 160
Figure 141: Addition of α-diimine and BIAN moieties to cyclam ligand framework............... 161
Figure 142: Synthetic route of Clamshell complexes via direct complexation and metal-templating
methods. .......................................................................................................................... 163
Figure 143: FTIR spectrum of 61. ............................................................................................. 164
Figure 144: UV-Vis spectrum of 0.3 mM 61 in CH3CN. .......................................................... 164
Figure 145: X-ray crystal structure of (Clam)CoCl2 62, grown in DCM and hexanes.............. 165
Figure 146: UV-Vis spectrum of 1 mM Co(Clam)Cl2 62.......................................................... 166
Figure 147: X-ray crystal structures of Ni(Clam)Br2 54, grown via vapor diffusion with methanol
(left) and via two-solvent diffusion with ethyl acetate and hexanes. DCM is residual from
complexation reaction. .................................................................................................... 167
Figure 148: UV-Vis spectrum of 0.1 mM acenaphthenequinone, 53, and 54 in ethanol. ......... 168
Figure 149: Electrospray ionization mass spectrum of 54. ........................................................ 168
Figure 150: Electrospray ionization mass spectra of Ni(Clam)(OTf)2. ..................................... 169
Figure 151: Synthesis of Ni(Clam)(OTf)2 69. ........................................................................... 170
Figure 152: Syntheses of Ni0 Clamshell complexes 70 and 71. ................................................ 170
Figure 153: Formal oxidation of Ni-BIAN upon exposure to oxygen. ...................................... 171
Figure 154: Infrared spectra of Ni(PPh3)2(CO)2 and Ni(Clam)(CO)2........................................ 171
Figure 155: Synthetic routes of 72 and 73 from the dianiline 68. ............................................. 173
Figure 156: UV-Vis spectrum of 1 mM 72 in DMF. ................................................................. 173
Figure 157: UV-Vis spectrum of 1 mM 73 in DMF. ................................................................. 174
xxv

Figure 158: Synthetic route to sulfonated dianilines 74 and 75 and clamshell complex 76. ..... 175
Figure 159: UV-Vis spectrum of 1 mM Co(Clam-SO3)Cl2 76 in DMF and MeOH. ................ 175
Figure 160: Synthetic route for BIAN-cyclam ligand 65 and cobalt complexes 66 and 79. ..... 176
Figure 161: UV-Vis spectra of 1 mM 66 in DMF and MeOH. ................................................. 178
Figure 162: UV-Vis spectra of 1 mM 79 in DMF and MeOH. ................................................. 178
Figure 163: Synthesis of Co(Tetra)Cl2 80.................................................................................. 179
Figure 164: UV-Vis spectra of 1 mM of 80 (filtrate) and 81 (solid) in DMF and MeOH......... 179
Figure 165: Formation of 81 by condensation of 80 upon recrystallization in acetone............. 179
Figure 166: Spartan models of 66 in different coordination environments. A) coordination by
BIAN imines; B) coordination by secondary amines.; C) Coordination by all N, trans Cl;
D) Coordination by all N; cis Cl; E) Coordination by all N, non-coordinating Cl......... 180
Figure 167: Synthesis of Co(Bicyc) 82. ..................................................................................... 182
Figure 168: UV-Vis spectrum of 82 in DMF. ............................................................................ 182
Figure 169: Oxidation of 66 to form [Co(Bicyc)Cl2]Cl 83........................................................ 183
Figure 170: UV-Vis spectra of 66 and 83 in DMF and MeOH. ................................................ 183
Figure 171: Spartan models of octahedral Co(cyclam)Cl2 (left) and Co(bicyc)Cl2 in distinct
ground state comformations. ........................................................................................... 184
Figure 172: Redox behavior of acenaphthenequinone to its semiquinone, hydroquinone, and
quinhydrone forms. ......................................................................................................... 185
Figure 173: Cyclic voltammograms of 1 mM acenaphthenequinone in dry DMF with 0.1 M
[Bu4N][PF6] as the supporting electrolyte. ..................................................................... 185
Figure 174: Above: cyclic voltammograms of 0.6 mM N-p-tolyl BIAN in DMF with 0.1 M
NEt4PF6 as the supporting electrolyte under N2. Below: increasing concentration of
xxvi

analyte: a) 0.5 mM; b) 1 mM (incomplete dissolution); c) 1 mM; d) 1.5 mM. Taken from
Viganò et al. (2014). ....................................................................................................... 186
Figure 175: Cyclic voltammograms of 1 mM 53 in dry DMF with 0.1 M [Bu4N][PF6] as the
supporting electrolyte...................................................................................................... 187
Figure 176: Proposed redox mechanism of 53........................................................................... 187
Figure 177: Hydrogen bonding between BIANH2 moiety and pendant pyridyl group. ............ 188
Figure 178: Cyclic voltammograms of 1 mM 63 under N2 in dry DMF with 0.1 M [Bu4N][PF6] as
the supporting electrolyte. CV initiated from +600 mV. ................................................ 190
Figure 179: Cyclic voltammograms of 1 mM 63 in dry DMF with 0.1 M [Bu4N][PF6] as the
supporting electrolyte. CV initiated from +600 mV. ...................................................... 190
Figure 180: Cyclic voltammograms of 1 mM 61 in dry DMF with 0.1 M [Bu4N][PF6] as the
supporting electrolyte...................................................................................................... 192
Figure 181: Cyclic voltammograms of 1 mM 61 under CO2 in dry DMF with 0.1 M [Bu4N][PF6]
as the supporting electrolyte. .......................................................................................... 194
Figure 182: Cyclic voltammograms of 1 mM 61 under catalytic and non-catalytic conditions in
dry DMF with 0.1 M [Bu4N][PF6] as the supporting electrolyte. Scan rate = 100 mV/s.
......................................................................................................................................... 195
Figure 183: Cyclic voltammograms of 1 mM Co(Clam)Cl2 62 in dry DMF with 0.1 M
[Bu4N][PF6] as the supporting electrolyte, 100 mV/s, under N2 and CO2. ..................... 196
Figure 184: Cyclic voltammograms of 1 mM Co(Clam-DAD)Cl2 72 in dry DMF with 0.1 M
[Bu4N][PF6] as the supporting electrolyte, 100 mV/s, under N2 and CO2. CV initiated at
+600 mV. ........................................................................................................................ 197

xxvii

Figure 185: Cyclic voltammograms of 1 mM Co(Clam)Cl2 62 in DMF with 0.1 M [Bu4N][PF6]
as the supporting electrolyte, under CO2, with water added as a molar percentage of analyte
concentration. .................................................................................................................. 198
Figure 186: Cyclic voltammograms of 1 mM 54 under N2 in dry DMF with 0.1 M [Bu4N][PF6] as
the supporting electrolyte. ............................................................................................... 199
Figure 187: Cyclic voltammograms of 1 mM 54 under CO2 in dry DMF with 0.1 M [Bu4N][PF6]
as the supporting electrolyte. .......................................................................................... 199
Figure 188: Cyclic voltammograms of 1 mM 54 under CO2 in dry DMF with 0.1 M [Bu4N][PF6]
as the supporting electrolyte and TFE added as a proton source. ................................... 200
Figure 189: Cyclic voltammograms of 1 mM 65 under N2 in dry DMF with 0.1 M [Bu4N][PF6] as
the supporting electrolyte. ............................................................................................... 201
Figure 190: Reduction pathway of BIAN-cyclam 65. ............................................................... 202
Figure 191: Cyclic voltammograms of 1 mM 66 in dry DMF with 0.1 M [Bu4N][PF6] as the
supporting electrolyte, under CO2 with dry EtOH added as percentage of the solution
volume. Distinct sample under N2 added for comparison. ............................................. 203
Figure 192: Cyclic voltammograms of 1 mM 66 in dry DMF with 0.1 M [Bu4N][PF6] as the
supporting electrolyte, under CO2 with dry TFE added as percentages of the solution
volume. Distinct sample under N2 added for comparison. ............................................. 204
Figure 193: Synthesis of 67. ...................................................................................................... 204
Figure 194: Synthesis of 68. ...................................................................................................... 205
Figure 195: Synthesis of 53. ...................................................................................................... 206
Figure 196: Synthetic Method for Direct Complexation of Clamshell Complexes. .................. 207
Figure 197: Method for Metal Templating Synthesis of Clamshell Complexes. ...................... 210
xxviii

Figure 198: Synthesis of 72. ...................................................................................................... 212
Figure 199: Synthesis of 73. ...................................................................................................... 213
Figure 200: Synthesis of 74. ...................................................................................................... 213
Figure 201: Synthesis of 75. ...................................................................................................... 214
Figure 202: Synthesis of 76. ...................................................................................................... 215
Figure 203: Synthesis of 77. ...................................................................................................... 216
Figure 204: Synthesis of 84. ...................................................................................................... 216
Figure 205: Synthesis of 78 from 84. ......................................................................................... 217
Figure 206: Synthesis of 78 from 77. ......................................................................................... 217
Figure 207: Synthesis of 65 in toluene....................................................................................... 218
Figure 208: Synthesis of 65 in ethanol....................................................................................... 219
Figure 209: Synthesis of 66 and 69. ........................................................................................... 220
Figure 210: Synthesis of 80. ...................................................................................................... 221
Figure 211: Synthesis of 82. ...................................................................................................... 221
Figure 212: Synthesis of 83. ...................................................................................................... 222
Figure 213: 1H NMR spectrum (400 MHz, CDCl3) of 67. ........................................................ 223
Figure 214: 1H NMR spectrum (400 MHz, CDCl3) of 68. ........................................................ 224
Figure 215: 1H NMR spectrum (400 MHz, CDCl3) of 53. ........................................................ 225
Figure 216: Comparison of

31

P NMR: (162 MHz, CDCl3) of 70, triphenylphosphine, and

triphenylphosphine oxide. ............................................................................................... 226
Figure 217: 1H NMR spectrum (400 MHz, D2O) of 74. ............................................................ 227
Figure 218: 1H NMR spectrum (400 MHz, D2O) of 75. ........................................................... 228
Figure 219: 1H NMR spectrum (400 MHz, CDCl3) of 77. ........................................................ 229
xxix

Figure 220: 1H NMR spectrum (400 MHz, CDCl3) of 84. ........................................................ 230
Figure 221: 1H NMR spectrum (400 MHz, CDCl3) of 78. ........................................................ 231
Figure 222: 1H NMR spectrum (400 MHz, CDCl3) of 65. ........................................................ 232
Figure 223: Numbering of atoms for Crystal Structure of 62. ................................................... 234
Figure 224: Number of Atoms for Crystal Structure of 54. ....................................................... 236
Figure 225: Metal-free homogeneous H2 production catalysts. ................................................. 240
Figure 226: pH-dependent behavior of 2,2ʹ-bipyridine. ............................................................ 241
Figure 227: Pyridine-based compounds 6,6ʹ-Me2bpy, Anbpy (87) and Anpyr (88).................. 241
Figure 228: Synthesis of 89. ...................................................................................................... 243
Figure 229: Synthetic route of 90 and 88. .................................................................................. 243
Figure 230: UV-Vis spectra of 1 mM solution of Anpyr in acetonitrile, with pH controlled via
aliquots of HCl in water. ................................................................................................. 244
Figure 231: UV-Vis spectra of 1 mM solution of 6,6ʹ-Me2bpy in acetonitrile, with pH controlled
via aliquots of HCl in water. ........................................................................................... 245
Figure 232: UV-Vis spectra of 1 mM solution of Anbpy in acetonitrile, with pH controlled via
aliquots of HCl in water. ................................................................................................. 247
Figure 233: Protonation states of Anbpy, with nitrogen atoms designated as N1, N2, and N3. . 248
Figure 234: Spartan models of ^0 (left) and ^1 states of Anbpy showing a stabilizing interaction
between the aniline and the chelated proton. .................................................................. 250
Figure 235: Proposed H2 production electrocatalytic cycle of Anbpy (87) under highly acidic
conditions. ....................................................................................................................... 251
Figure 236: Cyclic Voltammogram of 1 mM 87 in dry CH3CN with 0.1 M [Bu4N][PF6] as the
supporting electrolyte under an atmosphere of N2, scan rate = 100 mV/s. ..................... 252
xxx

Figure 237: Cyclic Voltammograms of 1 mM 87 in dry CH3CN with 0.1 M [Bu4N][PF6] as the
supporting electrolyte under an atmosphere of N2 at various scan rates. ........................ 252
Figure 238: Cyclic Voltammograms of 1 mM Anbpy and 1.09 M HCl in dry CH3CN with 0.1 M
[Bu4N][PF6] as the supporting electrolyte under an atmosphere of N2at various scan rates.
......................................................................................................................................... 254
Figure 239: Cyclic Voltammograms of 1 mM Anbpy and 1.09 M HCl in dry CH3CN with 0.1 M
[Bu4N][PF6] as the supporting electrolyte under an atmosphere of N2 at 100 mV/s. ..... 255
Figure 240: Cyclic Voltammogram of 1 mM Zn(Anbpy)Cl2 in dry CH3CN with 0.1 M
[Bu4N][PF6] as the supporting electrolyte under an atmosphere of N2at 100 mV/s. ...... 257
Figure 241: Cyclic Voltammograms of combinations of 1 mM Anbpy and 1 mM (Anbpy)ZnCl2,
and 1.09 M HCl in dry CH3CN with 0.1 M [Bu4N][PF6] as the supporting electrolyte under
an atmosphere of N2 at 100 mV/s.................................................................................... 258
Figure 242: Cyclic Voltammograms of 1 mM Anbpy; 1 mM Anpyr; and 1 mM 6,6ʹ-Me2bpy and
1 mM aniline, with 1.09 M HCl in dry CH3CN with 0.1 M [Bu4N][PF6] as the supporting
electrolyte under an atmosphere of N2, scan rate = 100 mV/s. ....................................... 260
Figure 243: Synthesis of 90. ...................................................................................................... 261
Figure 244: Synthesis of 88. ...................................................................................................... 262
Figure 245: Synthesis of 89. ...................................................................................................... 263
Figure 246: 1H NMR spectrum (400 MHz, CDCl3) of 90. ........................................................ 264
Figure 247: 1H-NMR spectrum (500 MHz, CDCl3) of 89. ........................................................ 265
Figure 248: COSY NMR spectrum (500 MHz, CDCl3) of 89. .................................................. 266

xxxi

List of Abbreviations
The following list does not include chemical formulas.
(ax)
(eq)
(Half)
(L)
(Tetra)
[Bu4N][PF6]
°C
1,10-Phen
2,9-Me2phen
4,4ʹ,5,5ʹtetraMe
4,4ʹ-diBn
4,4ʹ-DiCOOH
4,4ʹ-diEt
4,4ʹ-diMe
4,4ʹ-DiOMe
4,4ʹ-diPh
4,4ʹ-ditBu
4,4ʹ-Me2bpy
4,4ʹ-tBu2bpy
6,6ʹ-Me2bpy
6-Mebpy
A
Å
ACS
Anbpy
Anpyr
Ar
atm
ATR
B3LYP
BASi
BIAN
Bicyc

axial
equatorial
Halfshell, 2,2ʹ-(2,6-pyridinediyldi-2,1-ethanediyl)bisbenzeneamine
ligand
2-((2-(2-Aminobenzylamino)ethylamino)methyl)benzenamine
Tetra-n-butylammonium hexafluorophosphate.
Degrees Celsius
phenanthroline
2,9-dimethylphenanthroline
4,4ʹ,5,5ʹ-tetramethyl-2,2ʹ-bipyridine
4,4ʹ-dibenzyl-2,2ʹ-bipyridine
4,4ʹ-dicarboxylic-2,2ʹ-bipyridine
4,4ʹ-diethyl-2,2ʹ-bipyridine
4,4ʹ-dimethyl-2,2ʹ-bipyridine
4,4ʹ-dimethoxyl-2,2ʹ-bipyridine
4,4ʹ-diphenyl-2,2ʹ-bipyridine
4,4ʹ-bis(tert-butyl)-2,2ʹ-bipyridine
4,4ʹ-dimethyl-2,2ʹ-bipyridine
4,4ʹ-bis(tert-butyl)-2,2ʹ-bipyridine
6,6ʹ-dimethyl-2,2ʹ-bipyridine
6-methyl-2,2ʹ-bipyridine
Ampere
Angstrom
American Chemical Society
6-methyl-6’-(ethanyl-2-benzeneamine)-2,2'-bipyridyl
2-[2-(2-aminophenyl)ethanyl]-6-methyl-pyridine
aryl
atmosphere
attenuated total reflectance
Becke, 3-parameter, Lee-Yang-Parr
bioanalytical systems, inc.
bis(imino)acenaphthene
BIAN-cyclam, 5,6,7,8,9,10,-hexahydro-2,13-nitrilo-[1,2-b]-acenaphtho[3,11]dibenzo-[2,6,9,13]tetrazacyclotetradecine
xxxii

biiqn,
biisoquin
bpy
Bpm
R-bpy
Bpz
bqn
br
C1
ca.
Clam
Clam-DAD
COD
CPE
CV
d
DAD
DBU
DCM
DFT
dmabpy
DMF
dmg
DMSO
dpp, dipp
e−
EA
ECEC
EPR
eq
ESI-MS
et al.
EtOAc
EtOH
fac
Fc/Fc+
FE

2,2ʹ-biisoquinoline
unfunctionalized 2,2ʹ-bipyridine ligand
2,2ʹ-bipyrimidine
2,2ʹ-bipyridine class of ligand
2,2ʹ-bipyrizine
2,2ʹ-biquinoline
broad
Compound containing one carbon atom
Circa, meaning approximately
Clamshell , 5,6,12,13-tetrahydro-11,7-nitrilo-7H-acenaphtho[1,2b]dibenzo[e,p][1,4]diazacycloheptadecine
5,6,12,13-tetrahydro-11,7-nitrilodibenzo[e,p][1,4]diaza[2,3]dimethylcycloheptadecine-κN1,κN4
1,5-cyclooctadiene
Controlled Potential Electrolysis
Cyclic Voltammetry
doublet
diazabutadiene
1,8-Diazabicyclo[5.4.0]undec-7-ene
dichloromethane
Density Functional Theory
(6-(N,N-dimethyl-2-aminophenyl)-2,2'-bipyridine
N,N-dimethylformamide
dimethylglyoxime
dimethylsulfoxide
diisopropylphenyl
Electron
Elemental Analysis
Electrochemical-chemical-electrochemical-chemical sequence of redox
events
electron paramagnetic resonance (spectroscopy)
equivalent
Electrospray ionization mass spectrometry
et alia, indicating additional contributors
ethyl acetate
ethanol
facial
Ferrocene/Ferrocenium couple
Faradaic Efficiency
xxxiii

FID
FTIR
g
G
GC
h
H+
HER
HOMO
HTIM
Hz
Hzbpy
icat
ICP-MS
ipa
ipc
IPCC
iPr
IR
J
J
K
Ka
kcal
kJ
L
log
LUMO
M
m
m
Me
MeCN
MeOH
mer
mes
mesbpy
MLCT
mol

Flame Ionization Detector
Fourier transform infrared (spectroscopy)
gram
Gibbs free energy
gas chromatograph or gas chromatography
hour
Proton
Hydrogen Evolution Reaction
highest occupied molecular orbital
C-RRSS-2,3,9,10-tetramethyl-1,4,8,11-tetraazacyclotetradecane
Hertz
6-(hydrazino)-2,2'-bipyridine
catalytic current
inductively-coupled plasma mass spectrometry
anodic peak current
cathodic peak current
Intergovernmental Panel on Climate Change
isopropyl
infrared (spectroscopy)
Current Density
J-Coupling
Kelvin
acid dissociation constant
kilocalorie
kiloJoule
liter
logarithm of base 10
lowest unoccupied molecular orbital
molarity
meter
multiplet
methyl
acetonitrile
methanol
meridional
mesityl
6,6ʹ-bis(mesityl)-2,2ʹ-bipyridine
Metal-Ligand Charge Transfer
mole
xxxiv

N
n
NHE
NMR
o-, m-, pOPPh3
OTf
PCET
Pd/C
pH
Ph
phen
piqn,
pyrisoquin
PM3
PPh3
ppm
pqn
psi
py
qniqn, quinisoquin
R.M.S.
r.t.
Rf
RSC
s
s
SCE
SHE
SOMO
Syngas
t
TCD
TFA
TFE
TLC
TMS
TOF
TON

Avogadro’s Number
number of something
Normal Hydrogen Electrode
nuclear magnetic resonance (spectroscopy)
ortho-, meta-, paratriphenylphosphine oxide
trifluoromethane sulfonate
Proton-Coupled Electron Transfer
Palladium on carbon
power of hydrogen
phenyl
phenanthroline
2-(2-pyridyl)-isoquinoline
Parametric Method 3
triphenylphosphine
parts per million
2-pyridyl-2ʹ-quinoline
pounds per square inch
pyridine
2-(2-quinoline)-isoquinoline
root mean square
room temperature
Retention Factor
Royal Society of Chemistry
second
singlet
Saturated Calomel Electrode
Standard Hydrogen Electrode
singly occupied molecular orbital
synthesis gas
triplet
Thermal Conductivity Detector
trifluoroacetic acid
2,2,2-trifluoroethanol
Thin Layer Chromatography
trimethylsilyl
Turnover Frequency
Turnover Number
xxxv

TPP
tpy
UV-Vis
V
v/v
λmax
ν

tetraphenylporphyrin
terpyridine
Ultraviolent-visible (spectroscopy)
Volt
ratio of additive volume to total volume
wavelength of local maximum absorbance
frequency

xxxvi

Abstract
IMPROVED CATALYSIS VIA PENDANT AMINES IN THE SECONDARY
COORDINATION SPHERE
by
Zane R Thistleford
University of New Hampshire, September 2020

The linked problems of renewable energy scarcity and global climate change have grown
increasingly dire as the world’s population and standard of living increases, with insufficient
societal action to address them effectively. Scientific and technological progress is expected to
address the gap between the wants and needs of our civilization, and the available physical and
political resources. A truly sustainable solution must use an abundant energy source – sunlight –
to simultaneously remove carbon dioxide from our atmosphere and produce carbon-neutral fuel
such as hydrogen gas. Photocatalysts can achieve this process directly, while electrocatalysts can
use electricity which can be generated by sunlight via photovoltaics if the energy is stored or if a
complete circuit can be achieved. Compounds which use expensive metals to do this work are
generally more effective than those which use more earth-abundant metals, but the latter are more
sustainable. Therefore, it is important to develop new catalysts which use earth-abundant metals
more effectively than those currently available. Effectiveness is dependent on the stability,
efficiency, net energy requirements, and cost of the catalyst.
Two of the most direct catalytic transformations in this field – reduction of carbon dioxide
to carbon monoxide and reduction of hydrogen ions to hydrogen gas – both require two electrons
xxxvii

and two protons as part of an efficient catalytic cycle. Transition metals in the second and third
rows of the d-block of the periodic table are more effective at two-electron transformations than
those in the first row. This shortcoming can be overcome by the use of a redox non-innocent ligand,
which can formally hold an electron for catalytic use. The protons can be more effectively brought
to the active site of the catalyst by use of a pendant base which acts as a proton relay in the
secondary coordination sphere, accepting protons in the bulk solution and transferring them to
substrates bound to the metal center in an intramolecular fashion. By combining these two features,
highly effective catalysts can be developed even with first-row transition metals.
This dissertation uses ligands with both redox non-innocent and pendant base functional
groups. Both 2,2ʹ-bipyridine and bis(imino)acenaphthene are well-established moieties which can
accept an electron during the catalytic cycle and which can chelate the metal center to improve
stability. These groups were functionalized with pendant amines which were designed to improve
catalysis by either acting as a pendant relay or by stabilizing reactive intermediates through the
use of hydrogen bonding. These ligands were coordinated to a first-row transition metal, in
particular manganese or cobalt, and investigated for electrocatalytic activity.
The electrochemical behavior of manganese complexes was simplified by first analyzing
ligands without pendant amine groups. It was found that the position of other substituent groups
had a significant impact on the properties of these complexes, in particular with regard to their
propensity to form dimers via a metal-metal bond rather than forming the desired active species.
Ligands with steric bulk adjacent to the metal center were found to destabilize the complex overall,
leading to less dimer-forming behavior relative to ligands with steric bulk at other positions.
The addition of pendant amines to catalysts did not uniformly improve the effectiveness of
those catalysts. In most cases, these catalysts did not outperform analogous catalysts which lacked
xxxviii

the pendant amine groups, possibly due to the coordination of the nitrogen atom directly to the
metal center, terminating the catalytic cycle. This behavior was avoided by introducing a pendant
amine which would form an unstable ring upon coordination to the metal center, leading to
catalytic enhancement. Catalytic activity was not demonstrated for catalysts employing the
bis(imino)acenaphthene moiety despite the presence of pendant amines. Preliminary work was
performed investigating a catalyst which appeared capable of catalytic hydrogen production
without the use of a metal.
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Chapter I. Electrochemical Approaches to Solar Fuel Development

1.0 Introduction

1.0.1. The Necessity of Solar Fuels

In 2018, a report by the Intergovernmental Panel on Climate Change provided a grim
outlook for the future: without radical and immediate action, emissions of CO2 and other
greenhouse gases will cause the average global temperature to rise more than 1.5°C above preindustrial levels by 2030.1 This change will bring dramatic negative consequences for both human
and non-human life on our planet. Since the release of this report, criticisms of the report and
different models suggest that the problem may be even more significant, with possible temperature
increases of 3°C to 5°C by 2010.2 Given the lack of sufficient action by industrial and political
leadership, it falls to scientists – already well aware of the issue prior to the report – to develop
new solutions. Much of this work is focused on direct remediation of the greenhouse gases, by
developing carbon-neutral fuel sources or by direct removal of CO2 and other species from the
atmosphere. In order to effect necessary changes, these innovations must be efficient, scalable,
sustainable, and cost-effective.
No other renewable resource can provide more energy than the sunlight which hits the
earth, and the consistency of this output provides stability required for sustainable solutions. While
solar cells have received a large amount of attention for their direct transformation of this energy
to electricity, the current global infrastructure relies on liquid fuels such as oil and gasoline, making
1

combustible compounds which can be derived from renewable energy an important part of the
movement away from fossil fuels. These compounds can be derived from low-energy chemical
species by introducing energy in the form of high-energy electrons, themselves generated via
excitement of electrons by sunlight in a photoactive system. These solar fuels offer a renewable
solution to modern energy consumption without requiring a complete overhaul of our existing
energy infrastructure.

1.0.2. Carbon Dioxide Reduction by Multi-Electron Processes

Of particular interest are solar fuels derived from CO2 itself, such as formate and methanol,
known as C1 products because of the presence of one carbon in these molecules. Larger products
(C ≥ 2) such as ethanol are more difficult to derive from CO2 (which contains only one carbon
atom per molecule) but are often already in the liquid form and so can be used as fuels directly.
Although not a solar fuel, CO is also a useful transformation product of CO2 reduction due to its
use as an industrial feedstock, in addition to the direct benefit of removing CO2 from the
atmosphere.
CO2 can be transformed by the addition of other chemical species (usually protons) and
electrons of sufficient energy, with the energy for these processes provided by sunlight either
directly (photosynthesis) or indirectly (using electricity from photovoltaics to activate these
processes). Due to the thermodynamic stability of CO2, the energy required to achieve these
transformations can be significant even in the presence of 1 M acid (Figure 1).3 In addition, there
are kinetic barriers which increase this energy cost, resulting in an overpotential. Catalysts are used
to overcome these barriers: decreasing the overpotential by providing a new route for
2

transformation, providing multiple electrons to the substrate simultaneously to limit the energy
requirement for each electron, and enhancing the selectivity of desired products. Energy
requirements for these processes are much higher if a single electron is added to a substrate due to
the instability of the radical anion intermediate CO2∙−, while the simultaneous of multiple protons
and electrons simultaneously lowers the overpotential by avoiding high-energy intermediates.
𝐶𝑂2 + 2𝐻 + + 2𝑒 − → 𝐻𝐶𝑂𝑂𝐻, −0.61 V

(1)

𝐶𝑂2 + 2𝐻 + + 2𝑒 − → 𝐶𝑂 + 𝐻2 𝑂, −0.53 V

(2)

𝐶𝑂2 + 4𝐻 + + 4𝑒 − → 𝐻𝐶𝐻𝑂 + 𝐻2 𝑂, −0.48 V

(3)

𝐶𝑂2 + 6𝐻 + + 6𝑒 − → 𝐶𝐻3 𝑂𝐻 + 𝐻2 𝑂, −0.38 V

(4)

𝐶𝑂2 + 8𝐻 + + 8𝑒 − → 𝐶𝐻4 + 2𝐻2 𝑂, −0.24 V

(5)

Figure 1: Reduction potentials of CO2 to other products by the addition of protons and electrons, vs NHE standard
(pH = 0). Actual catalysis may require larger potentials to achieve. Values taken from Tran et al. (2012).

1.0.3. The Role of Dihydrogen Generation in Solar Fuels

Dihydrogen (H2) is a solar fuel of particular interest because its combustion does not
product any carbon-based byproducts. H2 can be generated from two protons and two electrons of
sufficient energy, with catalysts improving the rate and efficiency of this process (Figure 2).3
Although this process does not directly remove CO2 from the atmosphere, H2 can react with CO2
to form a variety of fuels.4
Both CO2-reduction and HER require H+ from a Brønsted acid as well as electrons, so it is
possible for a single catalyst to perform both of these reactions. The mechanism and conditions
associated with each catalytic system can affect the selectivity of these processes, and will be
discussed on a case-by-case basis in this dissertation.
3

2𝐻 + + 2𝑒 − → 𝐻2 , −0.42 V

(6)

Figure 2: Reduction potential of H+ to H2 by the addition of electrons, vs NHE standard (pH = 0). Actual catalysis
may require larger potentials to achieve. Taken from Tran et al. (2012).

1.0.4. The Relationship between Electrocatalysis and Photocatalysis

Solar fuel catalysts are often classified as homogeneous, heterogeneous, or hybrid systems
(Figure 3).5 In homogeneous systems, molecular catalysts are dissolved in a solvent containing a
source of protons (often a Brønsted acid) and electrons (via a sacrificial electron donor and
photosensitizer for photocatalysis, or an electrode for electrocatalysis). These catalysts are
characterized by high activity and selectivity: For example, an iron porphyrin with phenolic
substituents 1 by Savéant and coworkers reported CO2 reduction with a turnover (completion of a
catalytic cycle, quantified by the amount of product generated for a given amount of catalyst in a
given amount of time) of 50 million over 4 hours, with CO as the dominant product (% FE = 90),
at an overpotential of −0.465 V (Figure 4).6 This turnover number was determined by a foot-ofthe-wave analysis, which relies on extrapolating from voltammetry data rather than actual product
made in the course of the catalytic reaction; catalysts reported in this way will be designated as
such throughout this dissertation, as well as those which are calculated from icat/ip under steady
state conditions, which is a more robust analysis than foot-of-the-wave calculations but
nonetheless do not fully represent the actual product formed during catalysis. The original Fe
tetraphenylporphyrin catalyst 2 reported TOF values of 30-40 h−, which is more representative of
typical homogeneous catalyst activity.7
Heterogeneous catalytic systems use noble metals like Au and Pt, metal and metal oxide
nanoparticles, carbon-based materials like nanotubes, or other high-molecular-weight substances
4

such as polymers which do not dissolve in the medium during catalysis, and can be suspended in
a solvent or attached to an electrode or circuit to enable catalytic activity at the electrode
interface.8,9 These catalysts can be separated from the reaction mixture and reused more easily than
homogeneous catalysts can, and so can be reused for greater lifetime turnover.

Figure 3: Symbolic representations of homogeneous, hybrid, and heterogeneous catalysis. Taken from Zhang et al.
(2018).

Figure 4: Iron porphyrin electrocatalysts 1 and 2.

Hybrid catalytic systems attempt to combine the advantages of the other systems by
attaching a molecular catalyst to a stable surface, improving both stability and efficiency. For
example, a molecular manganese catalyst was attached via an alkyl linker to a carbon nanotube
5

electrode.10 Although this hybrid catalyst had poor faradaic efficiency overall, it could selectively
generate CO with a TON of 1790 over 8 hours at −1.1 vs SHE, or formate with a TON of 3920
under these conditions, with the product determined by the amount of catalyst loading on the
surface. The different parts of these systems are often investigated independently, allowing a
molecular electrocatalyst to become part of a hybrid electrocatalytic system by attachment to an
electrode, or a hybrid photocatalytic system by attachment to a photosensitizer, so improvements
to molecular catalysts are therefore still relevant for solar fuel catalysis, even if hybrid systems
become the dominant paradigm (Figure 5).11

Figure 5: Schematic representations of different catalytic systems. Taken from Dalle et al. (2019).

Homogeneous catalysts typically consist of a metal center coordinated by an organic ligand
framework. Metals can accommodate multiple oxidation states and transfer electrons to and from
substrates (like CO2 or H+), while attached ligands can alter or tune these properties. While secondand third-row transition metals are often used in highly effective catalysts due to their low
electronegativity and ability to stabilize multiple oxidation states, these metals are also less
6

abundant and more expensive than their first-row counterparts.12 First-row transition metals can
accomplish many desirable catalytic processes, as evidenced by their use in enzymes such as
hydrogenases.13 Although the tools of synthetic chemistry are less refined than those developed by
nature, deliberate design principles can allow for effective catalysis using these earth-abundant
metals. In particular, we are interested in mid-to-late first-row transition metals, which retain an
incomplete 3d electron orbital shell throughout their catalytic cycles, allowing for greater control
over the behavior of these metals via design of the ligand framework.14

1.0.5. CO2 Reduction by Homogeneous First Row Transition Metal Catalysts

The usefulness of electrocatalysts depends on metrics such as the potential at which they
catalyze the relevant reaction, the turnover number or turnover frequency, and the selectivity of
the reaction toward generating a particular product. A brief investigation of landmark
electrocatalysts shows that they tend to excel in at least one of these metrics (Figure 6). For
catalysts based on Mn(bpy)(CO)3Br 3, their overpotential is frequently reported as lower than
analogous Re catalysts, demonstrating a TOF of 3.3 h−1 at −1.70 V vs Fc/Fc+, compared to −2.1 V
for Re(bpy)(CO)3Cl.15 Kubiak’s Mn(mesbpy)(CO)3 4 is a notable exception, reporting a TOF of
700 s−1 (calculated from icat/ip) with water as the Brønsted acid, but at a potential of −2.20 V vs
Fc/Fc+.16 A later recalculation of this data suggested that the value is closer to 370 s−1.17 The
difference between Re and Mn R-bpy catalyst activity at −1.7 V is due to the latter’s ability to
reduce CO2 via a distinct catalytic mechanism, discussed in Chapter 2.
Cobalt complexes are frequently used in photocatalysis as well as electrocatalysis, and the
most well-studied examples use ligands with four chelating nitrogen atoms, known as tetraaza7

macrocycles. Co(cyclam) 5 is an early photocatalytic example which had poor selectivity,
producing 60% CO, 30% formate (HCO2−), and 10% H2, but remains relevant for its wide variety
of derivatives.18 More often, redox non-innocent ligands are used to facilitate the multi-electron
transfer reactions required for efficient CO2 reduction, such as the porphyrin class of ligands,
which are both easily functionalized and capable of participating in electron transfer to the metal
center, leading to high turnover numbers. For example, an early tetraphenylporphyrin cobalt
complex CoII(TPP) 6 demonstrated reduction to the active Co0(TPP) species at −2.02 V vs SCE,
and photocatalysis claimed a TONCO of over 300 over the course of the experiment.19 After two
decades of further development, the addition of sulfate groups to the phenyl rings of this system
led to catalyst 7 with a TONCO of ca. 4000, in aqueous media.20 A bis(imino)pyridine cobalt
complex with a pendant amine group 8 generated 13 times more CO than H2 at −1.5 V vs SCE,
with a faradaic efficiency of 50% CO and a TOF of 7 h−.21 The addition of a second amine for
catalyst 9 led to exclusive CO production, a FE of 84%, and a TOF of 22 h−.22
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6: R = H
7: R = SO3H
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Figure 6: CO2 reduction catalysts.

Nickel is often used with the same ligands that are in cobalt complexes due to their
electronic similarity, but are less frequently used in photocatalysis. For example, the
bis(imino)pyridine nickel complex 10 with a pendant amine group gives CO exclusively at −1.3
V vs SCE, with a FE of 44% and a TOF of 2 h−.23 Ni(cyclam) 11 has likewise been extensively
adapted and investigated since its initial synthesis, and substitution can have a major impact on its
catalytic activity. The tetramethyl-substituted Ni(HTIM) 12 produces CO exclusively at −0.96 V
vs NHE, with a FE of 88% and a TOF of 5.2 h−, while unfunctionalized Ni(cyclam) produced CO
with trace amounts of H2 at this potential, with a FE of 84% and a TOF of 0.9 h−.24

9

1.0.6. H2 Evolution by Homogeneous First Row Transition Metal Catalysts

Many of the catalysts and their derivatives described in the previous section can also be
used for the production of H2. For example, Mn(mesbpy)(CO)3Br 4 generates H2 with a TOF of
5500 s− (based on a foot-of-the-wave analysis) at an overpotential of 0.9 V (or −1.55 V vs Fc/Fc+)
under acidic conditions.25 Similarly, a tetrapentafluorophenyl porphyrin cobalt catalyst 13
generated H2 with a TOF of 19.8 h− at an overpotential of −0.98 V vs Ag/AgNO3 in acetic acid,
and a TOF of 234 h− at an overpotential of −0.88 V vs SHE in neutral water (Figure 7).26

13: Ph = C6F5

14

15: R = CH3

16: R = H

Figure 7: H2 generation catalysts. Structures of 15 and 16 taken from Dalle et al. (2019).

Cobaloximes are used for hydrogen evolution, with the pyridine-coordinated
Co(dmgH2)(py)Cl 14 able to generate H2 at −0.90 V vs SCE, with a FE between 85 and 100% and
a TON of 100 over 2.5 h.27 Nickel has effective analogues of cobaloxime, cyclam, and porphyrin
catalysts, but the DuBois-type [Ni(P2N2)2]2+ catalysts 15 show particular promise, with the initial
investigations reporting an optimized TOF of 1040 s− (based on a foot-of-the-wave analysis) at an
overpotential of 290 mV.28 Mechanistic understanding of these catalysts led to the development of
a similar [Ni(P2N)2]2+ catalyst 16, which boasted a TOF 106,000 s− (based on a foot-of-the-wave
analysis), though at an overpotential of 625 mV.29
10

Most of the landmark catalysts discussed above take advantage of redox non-innocent
ligands, pendant amines, or both. Therefore, the work contained in this dissertation on
homogeneous catalysts using first-row late transition metals prioritizes the use of redox noninnocent ligands with pendant base moieties. While the overarching goal of this work is to
implement these catalysts in a solar fuel generating device that uses sunlight as the sole power
source, the progress in these projects has relied on treating them as electrocatalysts, with electrons
of sufficient energy provided by an electrode. Furthermore, the initial testing conditions of these
catalysts is agnostic as to their use as CO2-reduction or H2-evolution catalysts, using conditions by
which either reaction could take place in order to determine what further steps should be taken to
improve efficiency and selectivity toward one reaction or the other. The appearance of d-electron
photoexcitation would be valuable from the perspective of photocatalysis but does not factor into
our investigation, especially as Mn(R-bpy)(CO)3Br complexes are highly light-sensitive and
decompose upon MLCT photoexcitation.

1.1. Ligand Design Features of Homogeneous Catalysts

1.1.1. Redox Non-innocence

The ligands used in this work share the feature of being redox non-innocent. An innocent
ligand is one in which the charge of the ligand is known, with charge localized primarily on the
metal or the ligand. Such ligands may engage in the electron transfer process during catalysis if
they are redox-active. Otherwise, the transfer of electrons is solely the province of the metal center,
though the ligand may alter the metal’s properties.30 A non-innocent ligand is one which the ligand
11

and metal orbitals interact, facilitating its engagement in electron transfer or covalent bond
breaking/forming with the substrate. Because the catalytic processes of interest (CO2 reduction
and H2 generation) require at least two electrons to be transferred to the substrates to avoid highenergy intermediates, the catalyst should transfer these electrons simultaneously, though it is not
necessary for the catalyst to acquire these electrons simultaneously. To accommodate the change
in oxidation state that must occur, a catalyst can have the metal formally reduced by a single
electron, and the ligand formally reduced, leading to a more stable intermediate than one in which
both electrons are localized on the metal center. This is only possible if the ligand has a relatively
low-energy antibonding orbital and does not dissociate from the metal upon reduction. The ligands
discussed in this work share the chelating α-diimine moiety, which has these characteristics.
Although bipyridine ligands can in some complexes be considered redox innocent due to the
localization of charge on the ligand, Mn(R-bpy)(CO)3X complexes can demonstrate significant
charge on both metal and ligand.31

1.1.2. Pendant Amines

The use of functional groups with proton-transfer capabilities in the secondary coordination
sphere is a common strategy in improving the turnover, selectivity, and efficiency of metal-based
catalysis, particularly for first-row transition metals where such features may be necessary for
functionality.32 Proton transfer steps are often the rate-determining step for CO2 or H+ reduction
catalysis, so this design choice is a reasonable one for decreasing the energy requirements of a
reaction. In particular, flexible bases offer the advantage of abstracting protons even from neutral
solvents, then transferring the proton to the metal center, non-innocent ligand, or active substrate
12

intramolecularly. Indeed, this mechanism can be thought of as decreasing the energy barrier by
splitting it into its enthalpic and entropic components.33 Pendant bases allow for proton-coupled
electron transfer (PCET) reactions, especially when combined with redox non-innocent ligands for
use in of multi-proton, multi-electron reactions such as CO2 or H+ reduction.34 These steps avoid
high-energy intermediates, the formation of which often serves as a rate-determining step.
While a variety of bases can be used for this purpose, nitrogen-based groups are particularly
useful due to their relatively high basicity. Nitrogen’s ability to form three bonds while still acting
as a base makes it versatile, though it is generally more effective when it has an N-H group when
uncharged, as opposed to tertiary amines.35 Pendant amines in first row transition metal complexes
have been used to improve the catalytic reduction of H+ to H2 and CO2 to CO (or HCOOH).
Although these are distinct processes, catalysts are often investigated under conditions which allow
for either reaction to occur, so it is worth examining in detail how pendant amines typically affect
these catalytic mechanisms.
A pendant nitrogen group is capable of stabilizing CO2 binding to a metal center, and can
do so as a neutral or positively charged group.36 CO2 reduction catalysts with pendant bases benefit
from their stabilization of intermediates due to hydrogen-bonding, as well as their ability to act as
proton relays.37 The much-investigated cobalt and nickel cyclams show dramatic CO2 reduction
capabilities which can be inhibited by removal of the N-H moiety in favor of imine (17) or N-CH3
(18) functional groups (Figure 8).18,38 The addition of external hydrogen-bond donors led to
improved catalysis, supporting the claim that this action is more relevant than is proton transfer.32
Similar investigations on a cobalt macrocycle with pendant amines showed that a combination of
intramolecular stabilization with an intermolecular proton source was favored over the use of an
intramolecular proton source.35
13
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18

Figure 8: Functionalized Ni(cyclam) complexes.

Hydrogen production is more thermodynamically favored than CO2 reduction, but it is
most often achieved using platinum as a catalyst to overcome its kinetic barrier.39 The use of firstrow transition metals in cooperation with pendant bases to avoid using this expensive metal is
inspired by hydrogenase enzymes, in which a pendant base brings a proton to a metal center to
form a metal hydride, which can then react with another proton to form hydrogen.40 While an acid
could provide a proton directly to form a hydride, the energy barrier is made lower when the proton
is first transferred to the pendant base.33 Among the most successful synthetic catalysts based on
this principle are the Dubois-type catalysts, which use a Ni(P2N2) structure.29 The flexibility of the
amine bases enabled rapid exchange of protons to the metal, in a similar manner to hydrogenase,
to the point where such transfer is no longer the limiting step.40 Similar behavior has been shown
in analogous Co and Mn complexes, though to a lesser extent.41,42

1.2. Electrochemical Techniques under Catalytic and Non-Catalytic
Conditions

Electrochemical analysis of these complexes for homogeneous electrocatalytic activity
involves dissolving them in a solvent and subjecting them to time-dependent changes in applied
potential (Figure 9).43 Cyclic voltammetry (CV) is a common technique which uses a three14

electrode system to determine the redox potential of different electron-transfer events of the
complexes.44 An increase in current represents a potential at which electrons can be added or
removed from the substrate, allowing for determination of redox potentials which can be attributed
to specific changes to the catalyst and substrates during the course of a redox event. An increase
in current under catalytic conditions (such as saturation of the solution with CO2 or addition of a
proton source) represents a greater transfer of electrons, typically indicating successful interaction
between the catalyst and substrate (Figure 10).

Figure 9: Common three-electrode setup for cyclic voltammetry. Taken from Elgrishi et al. (2018).

Figure 10: A cyclic voltammogram of the reference compound Ferrocene (Fc) under standard conditions (left), as
well as an example of current increase under catalytic conditions. Taken from McKinnon et al. (2018 and 2019).
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Controlled potential electrolysis (CPE) can then be performed on a sealed flask containing
a homogeneous catalyst sample. By providing electrons of sufficient energy to enable catalysis,
the gaseous products can be analyzed by taking samples of the headspace via syringe and
measuring their production over time using a gas chromatograph. Calibration of the instrument
allows for quantification of the moles of catalytic products formed (typically CO and H2), which
can be compared to the moles of catalyst used and the total charge passed through the system to
determine turnover number (TON) and Faradaic efficiency (% FE).
TON is calculated by the following formulas:
𝑚𝑜𝑙

𝑇𝑂𝑁 = 𝑚𝑜𝑙 𝐶𝑂

𝑐𝑎𝑡

𝑚𝑜𝑙𝐶𝑂 =

𝑉ℎ 𝐶𝐶𝑂
𝑉𝑚

(7)
(8)

Where molcat is the moles of catalyst, measured directly, molCO is the moles of CO, CCO is
the concentration of CO as a percentage of the headspace (determined by gas chromatography), Vh
is the total volume of the headspace, and Vm is the molar volume of the gas at a given temperature
and pressure. Faradaic efficiency is calculated by the following formula:
𝑚𝑜𝑙𝐶𝑂

%𝐹𝐸 = ( 𝑒

⁄𝑛𝑁

) ∙ 100%

(9)

Where e is the number of electrons passed (based on the current, measured in Coulombs),
n is the number of electrons required for the catalytic transformation (2 for the conversion of H+
to H2 or from CO2 to CO), and N is Avogadro’s number.
These metrics allow for comparison of our catalytic systems against other established
systems. Because tuning the ligand framework can result in significant changes in activity with
first row transition metal catalysts, the first step in designing a highly effective catalyst is to
demonstrate turnover, with alterations and optimization occurring later in a catalyst’s
16

development. Our goal is to use new homogeneous catalysts with redox non-innocent groups and
pendant amines to achieve measurable catalytic turnover and to connect this activity to the
structure of the catalyst. In the following chapters, we will test novel complexes which use these
features and provide explanations for their unique behavior, as well as determine which are worth
further investigation by comparing their initial activity against that of established catalysts.

1.3. Materials and Methods

All reagents and starting materials were used without further purification. 1H and 13C NMR
spectra were recorded on a Varian mercury 400 MHz or 500 MHz spectrometer at 298 K and
referenced to solvent shift. Chemical shifts were reported in ppm downfield and data
manipulations were completed using MestReNova software. IR spectra measurement was carried
out on a Thermo Nicolet is10 FTIR instrument in the solid phase. UV-Vis spectroscopy was carried
out on Cary 50 UV-Vis Spectrophotometer. Mass spectra were recorded at the University of
Illinois, Urbana-Champaign MS facility. Elemental Analysis was performed at Atlantic Microlab
in Norcross, GA. X-ray crystallography was carried out on a Bruker Kappa APEX II CCD system
instrument. DFT calculations were implemented in Spartan Parallel Suite ’18 and were optimized
at the B3LYP functional level using the 6-31+G* basis set. ΔG values were determined via
comparison of isodesmic ground state values.
Voltammetry and Controlled Potential Electrolysis were carried out using a BASi EmStat3+
potentiostat and BASi electrodes. Cyclic Voltammetry was performed under a continuous N2
stream in an electrochemical cell with 0.1M [Bu4N][PF6] supporting electrolyte in 3Å molecular
sieve-dried acetonitrile, using a 3 mm glassy carbon working electrode, Pt wire counter electrode,
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and 0.1M AgNO3 pseudo-reference electrode with Fc added as an internal reference. The working
electrode was polished between each scan with 0.05 μm alumina powder. The metal wires were
rinsed with acetone between experiments and polished using micropolishing sandpaper. The frit
of the reference electrode was exposed to concentrated nitric acid overnight to clean it. A sealed
three-neck round-bottomed flask with customized septa was used for controlled potential
electrolysis under CO2. Gas chromatography data were recorded on an SRI 8610C instrument with
both FID and TCD detectors to quantify both H2 (TCD) and CO (FID) simultaneously, with CO
converted to methane to improve sensitivity. The product volumes were converted to moles and
divided by the moles of catalyst to determine TON. The total current passed during catalysis at the
time of collection was used to determine the theoretical amount of product, divided in half under
the assumption that CO2 or H+ reduction would both require two electrons. The product moles
were divided by the theoretical moles to determine % FE.

1.4. Overview of Chapters

In the following chapters, we will demonstrate the synthesis, characterization, and
electrochemical investigation of several first-row late-transition metal complexes based on the αdiimine moiety. Chapters 2 and 3 include work on manganese electrocatalysts. Chapters 4 and 5
investigate a range of less well-established ligands for Co and Ni complexes which have not yet
been shown to demonstrate catalytic activity.
In Chapter 2, we summarize the field of Mn(bpy)(CO)3Br (bpy = 2,2ʹ-bipyridine) catalysts,
which have gained attention since they were demonstrated to catalyze the reduction of CO2 to CO
at lower overpotentials than analogous Re(bpy)(CO)3Cl catalysts.15 These catalysts can form off18

cycle dimers due to Mn0-Mn0 bond formation upon initial reduction, with several research groups
attempting to limit the formation of these dimers while maintaining or improving catalytic activity.
While a variety of bipyridine-based substituents have been investigated, we saw a gap in our
understanding of R-bpy ligands substituted at the 6,6ʹ-positions with alkyl groups of low steric
bulk. We find that a 6,6ʹ-dimethyl-2,2ʹ-bipyridine ligand can lead to context-dependent dimer
formation, with the observed behavior dependent upon factors such as scan rate, solvent choice,
and concentration. A computational model demonstrates that this behavior can be understood in
the context of ground state energies of the dimer, solvent-coordinated monomer, and opencoordination monomeric complexes, not just for our novel complex but for several literature
complexes as well. This model also supports the finding that ligands with unsymmetric substitution
at the 6,6ʹ-positions can form distinct syn and anti dimers during electrochemical analysis, with
possible applications for achieving catalysis at lower overpotentials than for complexes with
symmetrical ligands.
In Chapter 3, bipyridine-based Mn complexes with ligands featuring pendant amine
functional groups are investigated. Mn complexes of two of these ligands, dmabpy {dmabpy = (6(N,N-dimethyl-2-aminophenyl)-2,2'-bipyridine} and Hzbpy {Hzbpy = 6-(hydrazino)-2,2'bipyridine)} are based on the established ligands, while the third ligand, Anbpy {Anbpy = 6methyl-6’-(ethanyl-2-benzeneamine)-2,2'-bipyridyl)}, and its complexes are completely novel.
Both CO2 reduction and H2 evolution catalysis can be improved by the use of a pendant base,
either by stabilizing a high-energy intermediate or by acting as a proton transfer relay to accelerate
a rate-limiting step. The ability of these complexes to enhance catalytic activity in this manner are
investigated, as well as the phenomenon of coordination of Mn by the pendant amine and its effects
on catalysis.
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In Chapter 4, a different α-diimine ligand system is analyzed, the bis(imino)acenaphthene
(BIAN) group. Offering some advantages and drawbacks compared to bipyridine, the use of BIAN
is hindered by its difficulty in acting with the metal center to transfer electrons to a substrate.
Complexes using the BIAN-based, pendant pyridyl-functionalized Clamshell ligand, which was
originally used for olefin polymerization catalysis with Ni and Pd, may overcome this difficulty
by enabling proton-coupled electron transfer (PCET).45 Secondly, a novel ligand is made which
incorporates BIAN into a 14-member 4-nitrogen macrocycle based on the cyclam ligand.
Complexes of Clamshell and BIAN-cyclam are synthesized, characterized, and tested for
electrocatalytic activity.
In Chapter 5, we investigate the Anbpy ligand, developed for Chapter 3, and its unique
behavior under highly acidic conditions. We propose a unique mechanism by which Anbpy can
act as a metal-free H2 production catalyst and support it by computational modelling.
Improvements are recommended to further this project by demonstrating photocatalytic activity.
Finally, we conclude in Chapter 6 with an overview of the work summarized in the previous
chapters and its context in the broader field of solar fuels. Shortcomings of these projects are
acknowledged, and recommendations for future work are given.
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Chapter II. Installation of Steric Bulk at the 6,6′-positions in Mn-bpy
Complexes and its Impact on Electrochemical CO2 Reduction*

2.0. Introduction

2.0.1. CO2 reduction electrocatalysis by manganese bipyridine complexes

Rhenium electrocatalysts with bipyridine ligands with the general formula Re(Rbpy)(CO)3Cl (R-bpy = functionalized 2,2′-bipyridine) have been used for electrocatalytic
reduction of CO2 for many years, but only in the past decade has there been significant
development on the analogous manganese catalysts Mn(R-bpy)(CO)3Br.46 Starting in 2011 with
the addition of a Brønsted acid to Mn(bpy)(CO)3Br (bpy = unfunctionalized 2,2′-bipyridine) under
CO2 to selectively generate CO, these complexes offer an alternative to rhenium by using an earthabundant metal which operates at lower overpotentials.15 Investigations have demonstrated that
variations in the ligand framework can have a significant influence on the mechanistic steps of this
catalytic activity, with implications for ligand efficiency and stability. In this chapter, we will
explore how adding steric bulk to the 6,6′-positions of the bipyridine ligand effects redox and
electrocatalytic behavior.

*

All synthetic work was carried out by Zane Thistleford, with the exception of compound 25 and its associated ligand,
which were synthesized by Rashi Gupta.

21

A decade of investigation into Mn(R-bpy)(CO)3Br shows that catalysis begins with CO2
binding to the reduced active catalyst Mn(R-bpy)(CO)3− to generate an Mn-COO− intermediate,
which is then protonated (Figure 11).47 Catalysis can then proceed via the protonation-first
pathway, converting H+ into H2O and generating Mn(R-bpy)(CO)4+, which must then be reduced
twice with the release of CO to regenerate the active catalyst. This pathway is preferred in the
presence of stronger acids in complexes which can accommodate the positive charge of the
intermediate. Alternatively, Mn-COOH can gain one electron via the reduction-first pathway,
generating an anion which is more easily protonated to lose H2O. The resulting Mn(R-bpy)(CO)40
is then reduced once to lose CO and regenerate the catalyst. This pathway is preferred at more
negative applied potentials, which requires more energy and is more likely to degrade the catalyst
but often generates products at a higher turnover frequency (TOF). Interestingly, both pathways
often have the protonation step as the rate-limiting step, leading to the use of proton relays
discussed in the next chapter.31

Figure 11: General redox behavior of Mn(R-bpy)(CO)3Br catalysts in CH3CN in the presence of CO2 and Brønsted
acid.

One consideration for Mn(R-bpy)(CO)3Br which is not a major factor for its Re counterpart
is the propensity for the singly reduced Mn(R-bpy)(CO)30 species to form a dimer due to the radical
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electron localizing on the metal center to a greater extent.31 This dimer is characterized during
cyclic voltammetry (CV) by a set of two reduction and two oxidation peaks which are typically
offset from each other, unlike the reversible two-electron redox events seen when dimerization is
suppressed (Figure 12).16 These peaks represent formation of the dimer as well as reductive an
oxidative cleavage of the dimer, with catalysis typically occurring only after the dimer has been
reduced to form Mn(R-bpy)(CO)3−.
Alternatives to the pathways described in Figure 11 suggest that a dimer may promote
catalysis by generating cationic intermediates, which can be reduced at less negative potentials;
however, these situations require atypical conditions; the dimer [Mn(bpy)(CO)3]2 is reported to
reduce CO2 via a protonation-first mechanism at only −1.1 V vs Ag/Ag+ by generating
[Mn(bpy)(CO)3(COOH)]+, but this requires H-bond stabilization from strong Brønsted acids such
as 2,2,2-trifluoroethanol (TFE), and most investigations operate at more negative potentials where
this mechanism is unlikely to have a significant impact.48 Evidence was found by pulsed EPR of
[Mn(4,4′-Me2bpy)(CO)3]2 reacting with CO2 and H+ (from water) to form mer-[Mn(4,4′Me2bpy)(CO)3(COOH)]2+, but only at very low temperatures.49 It is not clear that these pathways
are possible under standard conditions; catalytic current can be seen at these potentials, but this
could be due to disproportionation to a catalytically active Mn(−I) complex.50 While there is
evidence that dimer formation can have an effect on product selectivity, [Mn(R-bpy)(CO)3]2 is
widely considered to hinder catalytic activity by much of the relevant literature, though certain
alterations of the ligand framework to prevent dimerization can also hinder catalytic activity via
steric and electronic effects.10,16,51 As such, many attempts have been made to functionalize the
bipyridine ligand to limit dimer formation as well as encourage the protonation-first pathway to
improve catalysis at more modest potentials.
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2.0.2. Dimer inhibition via bipyridine ligand functionalization

A recent investigation by Bocarsly and coworkers provides a useful starting point in
understanding both steric and electronic effects on dimer formation for Mn(R-bpy)(CO)3Br
species.52 Altering the 4,4′-positions avoided significant steric influence at the metal center, while
steric bulk overall remained relevant. In general, bulky substituents at the 4,4′-positions of the Rbpy ligand made dimerization less favorable, as did electron-withdrawing substituents such as COOH. The latter may be due to both a greater delocalization of electron density from the metal
into the ligand and slower loss of Br− for these complexes.53 Electron-donating substituents had
little impact, and were grouped together with non-biasing substituents for this analysis.

4

Figure 12: Cyclic Voltammetry of Mn(mesbpy)(CO)3Br and Mn(bpy)(CO)3Br under N2 demonstrating the absence
of dimer formation and cleavage peaks. This figure uses the American CV conventions (cathodic potential/current up
and right). Figure taken from Sampson et al. (2014).
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The first approach – greater steric bulk – can be clearly seen in Kubiak’s work on
Mn(mesbpy)(CO)3Br

(mesbpy

=

6,6′-bis(mesityl)-2,2′-bipyridine)

4,

where

sterically

encumbering mesityl groups prevented the complex from forming a dimer at all under
electrocatalytic conditions, leading to a single, reversible, two-electron redox peak and which led
to direct formation of the active catalyst Mn(mesbpy)(CO)3− (Figure 12).16 However, unlike
Mn(bpy)(CO)3Br, this catalyst could only reduce CO2 via the reduction-first pathway, at ca. 400
mV more negative than the anion’s formation and with the stronger acid TFE, though it did so
with a TOF of 5000 s−1 (calculated from icat/ip). Reduction at the anion-forming potential was later
achieved by adding Mg2+ as a Lewis Acid to enable disproportionation of 2 equivalents of CO2 to
CO and CO32−, resulting in a TONCO of 36 over 6 h at −1.6 V vs Fc/Fc+, though no such strategy
will be investigated in this dissertation.54 In addition, direct reduction of H+ to H2 at the anionforming potential (−1.55 V vs Fc/Fc+) was achieved by the addition of a large excess of a Brønsted
acid, giving a TOF of 5500 s−1 (based on a foot-of-the-wave analysis).25 These works demonstrate
that Mn(R-bpy)(CO)3Br species can catalyze a variety of small molecule activations without
generating a dimer, and that bulky substituents at the 6,6′-positions are highly effective at
preventing dimer formation. These findings are complicated by substituents with proton-relay,
hydrogen-bonding, or metal-coordination capabilities, which are further explored in Chapter 3.
The second approach – preventing radical localization on Mn via electron-withdrawing or
delocalizing groups – can be seen in Rochford’s work (19-22) on the Mn(bqn)(CO)3(CH3CN)+
(bqn = 2,2′-biquinoline) complex (22), which extends the bipyridine π-system to prevent dimer
formation and opens up a new CO2 reduction mechanism at strongly negative potentials.51 Like
Mn(mesbpy)(CO)3Br, this species shows a two-electron reduction to form the anion (Figure 13).
Based on DFT calculations, the lack of a dimer was attributed to partly to the predicted
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conformational staggering for an Mn0-Mn0 biquinoline species, and partly to the equilibrium
between the solvent-coordinated and pentacoordinate forms of the neutral species, the latter of
which a dimer would require to form. The calculated relative energies of these distinct species
reflect which ones will be found under various conditions. As we will see, these calculations can
be used to predict the formation of a dimer species for complexes with steric and electronic effects
between the unfunctionalized bpy and the sterically demanding mesbpy or delocalizing bqn.
In the same paper, Rochford and co-workers investigated Mn complexed with 2,9dimethylphenanthroline (2,9-Me2phen) (21), reporting redox behavior similar to that of
Mn(bpy)(CO)3(CH3CN)+ rather than the sterically similar 2,2ʹ-biquinoline, further supporting the
idea that the behavior of Mn(bqn)(CO)3(CH3CN)+ is primarily electronic in nature. However,
phenanthroline differs from both bipyridine and biquinoline due to its lack of rotation around the
biaryl bond, which affects its properties.52 Most other literature examples of modification at the
6,6′-positions use aryl rings, which are able to orient themselves perpendicular to the coordination
plane, making it difficult to compare the steric influence of the more rigid methyl and conjugated
aryl substituents.
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Figure 13: Cyclic Voltammetry of Mn(L)(CO)3(CH3CN)+ complexes under N2. This figure uses the American CV
conventions. L = bpy (1), phen (2), 2,9-Me2phen (3), bqn (4). This figure was taken from McKinnon et al. (2019).

In this chapter, we investigate the redox properties of Mn(6-Mebpy)(CO)3Br 23 (6-Mebpy
= 6-methyl-2,2′-bipyridine), Mn(6,6′-Me2bpy)(CO)3Br 24 (6,6′-Me2bpy = 6,6′-methyl-2,2′bipyridine), Mn(pqn)(CO)3Br 25 (pqn = 2-pyridinylquinoline), and Mn(bqn)(CO)3Br 26 (Figure
14). 24 was designed to bridge our understanding of the species described in the above paragraphs;
it shares the methyl groups of 2,9-Me2phen while maintaining biaryl rotation, and can be compared
directly to Kubiak’s sterically bulky mesbpy, Bocarsly’s varied 4,4′-substituted species, and the
electron-delocalizing biquinoline ligand. A combination of DFT calculations and electrochemical
analysis under non-standard conditions prompts our further investigation of 26. Monosubstituted
23 and 25 are included to determine if the steric and electronic effects of these substituents require
disubstitution to have a significant impact or their influence is linear with the number of
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substituents at the 6-position, as well as the influence of unsymmetrical substitution at the 6position.

23

24

25

26

Figure 14: Novel complexes Mn(6-Mebpy)(CO)3Br 23, Mn(6,6ʹ-Me2bpy)(CO)3Br 24, and Mn(pqn)(CO)3Br 25, as
well as literature compound Mn(bqn)(CO)3Br 26.

2.1. Results and Discussion

2.1.1. Synthesis and Characterization of Complexes

Light-sensitive Mn(L)(CO)3Br complexes 23-26 were synthesized by overnight reflux of
ligands and Mn(CO)5Br in diethyl ether in the absence of air, water, and light, and isolated by
filtration. Bromomanganese complexes are light-sensitive due to cleavage of the Mn-Br bond,
though this photolability was addressed by replacing Br with a noncoordinating anion
trifluoromethane sulfonate (“triflate,” OTf−) to form Mn(L)(CO)3(OTf) complexes 23-OTf, 24OTf, and 25-OTf. The triflate complexes appear somewhat more hygroscopic, which may have
hindered replicability for some electrochemical studies in supposedly “dry” solvents.
Mn(L)(CO)3Br were characterized by 1H NMR Spectroscopy, IR spectroscopy, UV-Vis
Spectroscopy, and Elemental Analysis when possible. IR spectroscopy consistently showed
stretches at approximately 2015 cm−1 and two peaks (sometimes appearing as a single broad peak)
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around 1910 cm−1, consistent with other Mn(diimine)(CO)3Br complexes with carbonyl ligands in
the fac geometry.55 UV-Vis spectroscopy of the bromomanganese complexes produced a MetalLigand Charge Transfer (MLCT) band around 400 nm, representing the transfer of an electron
from a d orbital to the π* orbital of the ligand. This peak is slightly blue-shifted for 23 and 24 and
significantly red-shifted for 25 and 26 relative to Mn(bpy)(CO)3Br, for reasons which will be
explained at length in Section 2.1.4. These peaks are different for the triflate species due to shifts
in the frontier orbital positions, which can also affect redox potentials.56 The aromatic π-π*
absorption of these complexes results in broad peaks in the UV region which obscured the MLCT
band for 25, so the position of this peak was confirmed via emission spectroscopy, which revealed
absorption distinct from the π-π* excitation event.

2.1.2. Electrochemical Behavior under Non-Catalytic Conditions.

Unless indicated otherwise, cyclic voltammetry (CV) was performed on solutions of 1 mM
analyte with 0.1M [Bu4N][PF6] supporting electrolyte in 3 Å molecular sieve-dried CH3CN; a 3
mm glassy carbon working electrode, a Pt wire counter electrode, and a 0.1 M AgNO3 pseudoreference electrode with Fc added as an internal reference. The resulting redox potentials are
summarized and compared against relevant literature species in Table 1.
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Table 1: Redox potentials (V vs. Fc/Fc+) measured for Mn(L)(CO)3Br complexes, L is specified. Scan rate is 100 mV
s−1 except for 24 which was measured at of 50 mV s−1 (†) and 500 mV s−1 (‡). Cyclic voltammetry performed in 0.1 M
[Bu4N][PF6] solutions in the solvent specified. Values for literature compounds taken from Bourrez et al. (2011),
Tignor et al. (2019), and Sampson et al. (2014).
Complex
3
4
4
23
24†
24‡
24
25
26

Ligand (L)
bipy
4,4′-Me2bpy
6,6′-Mes2bpy
6,6′-Mes2bpy
6-Mebpy
6,6′-Me2bpy
6,6′-Me2bpy
6,6′-Me2bpy
pqn
bqn

Solvent
CH3CN
CH3CN
CH3CN
THF
CH3CN
CH3CN
CH3CN
THF
CH3CN
CH3CN

Reduction (V)
−1.56
−1.80
−1.64
−1.89
−1.57
−1.9
−1.28
−1.60
−1.31 (broad)
−1.67
−1.54
−1.74
−1.45
−1.87
−1.23
−2.24
−1.28
−2.48

−1.39
−1.48
−1.53
−1.6
−1.47
−1.59
−1.58
−1.64
−2.19
−2.38

Oxidation (V)
−0.51
−0.59

−0.74
−1.38
−0.82
−1.23
−0.64
−1.21

−0.39

−0.48

Investigation by CV began with 24 to see if its behavior aligned more closely with
Mn(mesbpy)(CO)3Br due to the location of its substitution or with Mn(4,4ʹ-Me2bpy)(CO)3Br (27)
due to the similar electronic induction effects (Figure 15). Surprisingly, its behavior depended
significantly on scan rate. At scan rates of 200 mVs–1 and above, the first one-electron reduction
(and subsequent loss of Br) to form a dimer was observed at a more positive potential (−1.50 V)
than in the complex with unsubstituted bpy (−1.56 V), or in Mn(4,4ʹ-Me2bpy)(CO)3Br (−1.64 V),
indicating that the position of the methyl groups contributed to the lability of the Br ligand (Figure
16).15,52 At scan rates below 200 mVs–1, this peak was not observed. With an apparent two-electron
reduction to the anion, the peak corresponding to dimer oxidation at −0.82 V on the reverse scan
became less prominent, and oxidation peaks at –1.4 V (vs. Fc/Fc+) and –0.4 V became more
pronounced. These behaviors differ significantly from both the typical Mn(bpy)(CO)3Br regime
seen at higher scan rates as well as the reversible two-electron reduction peak seen in
Mn(mesbpy)(CO)3Br (Figure 12). The change in potential for the first reduction event indicates
that the potential at which Br− is lost depends on the product formed, suggesting an event in which
complex reduction and dimer formation are concerted.
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Figure 15: Cyclic voltammograms of 1 mM Mn(6,6ʹ-Me2bpy)(CO)3Br (24) in dry CH3CN with 0.1 M [Bu4N][PF6]
as the supporting electrolyte under an atmosphere of N 2.
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Figure 16: Cyclic voltammograms of 1 mM Mn(6,6ʹ-Me2bpy)(CO)3Br, taken from Tignor et al. (2019).

Density Functional Theory (DFT) calculations were performed for Mn(6,6ʹ-Me2bpy)(CO)3
with different charges, using B3LYP/6-31G* with no solvent selected. The energy minimized
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structures do not display the square pyramidal geometry expected for the intermediate neutral
monomeric complex formed by reduction of the parent complex or oxidation of a Mn-Mn dimer
(Figure 17). In the absence of coordinating solvent, the presumed square pyramidal monomeric
species is likely to rearrange to achieve the energetically preferred trigonal bipyramidal
geometry.56 Unfunctionalized bipyridine remains planar regardless of charge, but for Mn(6,6′Me2bpy)(CO)3, this geometry is highly distorted, as measured by the dihedral angle (θ) between
the metal coordination plane and R-bpy ligand plane, as the methyl substituents prevent any of the
CO ligands from becoming co-planar with the R-bpy ligand. For the monosubstituted ligand, 6Mebpy, the distortion becomes significant only when the complex is in the +1 state.

Bpy

Figure 17: DFT models of Mn(bipy)(CO)3, Mn(6-Mebpy)(CO)3, and Mn(6,6ʹ-Me2bpy)(CO)3 at −1, 0, and +1 overall
charge. Ln (Dihedral angles): bipy−1 (0.08°); bipy0 (0.00°); bipy+1 (0.06°); 6-Mebpy−1 (0.30°); 6-Mebpy0 (0.19°); 6Mebpy+1 (19.26°); 6,6ʹ-Me2bpy−1 (10.26°); 6,6ʹ-Me2bpy−1 (10.26°); 6,6ʹ-Me2bpy0 (21.22°); 6,6ʹ-Me2bpy+1 (32.40°).

It is hypothesized that this distortion of the neutral monomer occurs quickly upon reduction
of 24. At faster scan rates, the diffusion layer is thinner, allowing bulk solution to reach the
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electrode while freshly reduced species diffuse out.57 If distortion occurs quickly, and the diffusion
layer is thick (at a slow scan rate), then the majority species at the electrode will have time to
distort, becoming unable to effectively form a metal-metal bond due to steric effects as well as less
orbital overlap, making it more likely to bind solvent acetonitrile for these reasons. The monomer,
rather than the dimer, will be reduced to the anion under these conditions, consistent with the shift
to more anodic potentials for this peak relative to the faster scan rate conditions (−1.67 V at 50
mV/s, −1.74 V at 500 mV/s). If the diffusion layer is thin (fast scan rate), then the parent complex
will be continuously reduced and will have less time to undergo distortion, encouraging Mn-Mn
bond formation.

4

Figure 18: Cyclic voltammetry of [Mn(mesbpy)(CO)3(CH3CN)]OTf in THF under N2. This figure uses the American
convention. This figure was taken from Sampson et al. (2014).
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In addition to the dimer reformation oxidation peak at −1.6 V, a second peak at −1.4 V
appears at slower scan rates. The distortion attributed to the pentacoordinate monomer Mn(6,6ʹMe2bpy)(CO)3− may lead to difficulty in Mn-Mn bond formation during the anodic wave as well
as the cathodic wave. Oxidation of the anion to Mn(6,6ʹ-Me2bpy)(CO)30 rather than to the
[Mn(6,6ʹ-Me2bpy)(CO)3]20 dimer is evidenced by a peak at −1.4 V which occurs only below 500
mV/s, and which grows relative to the size of the peak at −1.6 V as the scan rate decreases. A
similar peak was assigned by Kubiak and co-workers of the anodic shift for the oxidation peak
reported for [Mn(6,6′-Mes2bpy)(CO)3]− in THF, to formation of a 5-coordinate neutral monomer
complex, [Mn(6,6′-Mes2bpy)(CO)3]0 (Figure 18).16 While typically the 5-coordinate monomer is
expected to be more easily oxidized than the corresponding dimer, the distorted structure of
Mn(6,6ʹ-Me2bpy)(CO)30 is significant enough to make further distortion (caused by oxidation) less
favorable.
Solvent CH3CN can then coordinate in the axial position to form [Mn(6,6′Me2bpy)(CO)3(CH3CN)]0, which is oxidized to [Mn(6,6′-Me2bpy)(CO)3(CH3CN)]+ at –0.4 V.
This peak is distinct from the peak at –0.82 V corresponding to the oxidation of the dimer species
to the same cation, which is only seen at scan rates above 100 mV/s. This peak current is smaller
than the reduction peak current at –1.4 V due to diffusion of [Mn(6,6′-Me2bpy)(CO)3]0 away from
the electrode. This behavior has not been reported for other Mn(R-bpy) species, suggesting that 24
has a greater propensity to form and maintain the neutral monomer than do other Mn complexes.
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Figure 19: Cyclic voltammetry of Mn(6,6ʹ-Me2bpy)(CO)3Br (24) in THF under N2 with 0.1M [Bu4N][PF6] supporting
electrolyte.

Given the appearance of Mn(mesbpy)(CO)30 in THF in Kubiak’s work, it was hypothesized
that performing CV of 24 in THF would enhance the current of the peak we attribute to the
formation of Mn(6,6ʹ-Me2bpy)(CO)30 by limiting the formation of the acetonitrile-coordinated
species (Figure 19). Indeed, a peak at −1.23 V persists even at high scan rates, while oxidation to
Mn(6,6ʹ-Me2bpy)(CO)3+ is not observed, as acetonitrile is not present to stabilize the cation.
Interestingly, the change in solvent does not inhibit the formation of the dimer species; oxidation
to the dimer does not occur for Mn(mesbpy)(CO)3Br due to steric hindrance of the mesityl
substituents, but this hindrance is clearly not as significant for Mn(6,6ʹ-Me2bpy)(CO)3Br. 24 does
not show a dimer-forming peak during reduction in THF, but shows peaks corresponding to the
formation of both the dimer and the pentacoordinate neutral monomer upon oxidation. This unique
redox activity suggests that neither species is more thermodynamically favored than the other. This
aligns with the scan rate dependent behavior discussed above.
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It was reasoned that analyte concentration would also affect the species observed during
voltammetry. The monomer is likely favored in dilute solution, while the dimer is favored in more
concentrated solution. CV of 24 using a 5-fold increase in concentration exhibits the dimercentered redox cycle at all scan rates (Figure 20). This behavior differs from the scan ratedependent behavior seen at a concentration of 1 mM (Figure 15). A 5-fold decrease in
concentration largely eliminates the dimer peaks in favor of a peak at −1.35 V, attributed to
reduction to [Mn(6,6′-Me2bpy)(CO)3(CH3CN)]0, followed by reduction to the anion (Figure 20).
CV of Mn(6-Mebpy)(CO)3Br 23 (Figure 21) does not differ from the redox behavior of
Mn(bpy)(CO)3Br to the same degree as 24 does. 23 shows decreased dimer formation and
oxidation at lower scan rates, as evidenced by smaller peak currents for these events; however
there is no second oxidation peak observed within ~200 mV of the first, indicating that the neutral
five-coordinate monomeric species Mn(6-Mebpy)(CO)30 is not formed without immediate
formation of a dimer or coordination by solvent. At high scan rates, the traditional dimer regime
persists, with dimer-formation peaks at ~−1.5 V having a peak separation of 60 mV. An additional
minor reduction peak appears approximately 100 mV more negative than the anion-forming
potential at −1.6 V, indicating that some of the substrate does not follow the dimer pathway
described. The distortion responsible for the behavior of 24 is not present in 23 except for in
cationic Mn(6-Mebpy)(CO)+, a species which does not form due to coordination of acetonitrile to
the neutral species. This peak at −1.6 V is therefore attributed to reduction of Mn(6-Mebpy)(CO)30.
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Figure 20: Cyclic voltammetry of Mn(6,6ʹ-Me2bpy)(CO)3Br (24) under N2 with 0.1M [Bu4N][PF6] supporting
electrolyte demonstrating concentration- and scan-rate-dependent dimerization behavior. Scan rate = (A) 50 mV/s;
(B) 500 mV/s.

In order to rationalize the behavior of 24 thermodynamically, free energies were calculated
for the Mn-Mn dimer, the pentacoordinate neutral monomer, and a 6-coordinate CH3CN-bound
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neutral monomer (Figure 22, Table 2). In order to directly compare these values, the energy of
CH3CN was calculated and subtracted from the CH3CN-bound species, while the energy of the
dimer was divided in half. It was found that the energy of the CH3CN-bound species of 24 was
only 0.1 kcal/mol lower than the energy of the dimer, while the monomer was 3.6 kcal/mol higher
in energy. To put this number in context, a variety of related complexes were investigated in this
manner. Complexes following the typical pathway of dimer formation and cleavage have a more
disfavored pentacoordinate monomer, approximately 9 kcal/mol higher than the dimer for the 4,4ʹsubstituted complexes from Bocarsly and coworkers.52 23 was closer to 24 in this regard (∆G‡ =
6.2 kcal/mol, monomer vs dimer) than to Mn(bpy)(CO)3 (∆G‡ = 11.3 kcal/mol). Of the compounds
investigated, only three had monomeric species that were favored more than that of 24:
Mn(mesbpy)(CO)30 from Kubiak’s work, and Mn(2,9-Me2phen)(CO)30 and Mn(bqn)(CO)30 from
Rochford.

Of

these,

Mn(mesbpy)(CO)3Br

(4)

(∆G‡

=

−1.9

kcal

mol–1)

and

[Mn(bqn)(CO)3(CH3CN)]OTf (22) (∆G‡ = 0.8 kcal mol–1) did not form dimers, while [Mn(2,9Me2phen)(CO)3(CH3CN)]OTf (21) (∆G‡ = 1.3 kcal mol–1) did.16,51 The fact that [Mn(2,9Me2phen)(CO)3(CH3CN)]OTf demonstrated dimerization at all scan rates while 24 did not, despite
it being thermodynamically less favorable relative to the monomer, is attributed to the rigidity of
the phenanthroline ligand in preventing distortion. However, a small peak at approximately −1.3
V may represent formation of the pentacoordinate neutral monomer (Figure 13). Overall, these
calculations provide a useful tool in predicting the relative formation of these three species under
the conditions typically used for Mn(R-bpy)(CO)3X complexes.
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Figure 21: Cyclic voltammograms of 1 mM Mn(6-Mebpy)(CO)3Br (23) in dry CH3CN with 0.1 M [Bu4N][PF6] as
the supporting electrolyte under an atmosphere of N 2.

Figure 22: Structures of neutral complexes modelled for ground state energy differences, with 2,2ʹ-bipyridine as the
ligand.
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Table 2: Calculated free energy differences of uncharged [Mn(L)(CO) 3]2 (= 0 kcal/mol), Mn(L)(CO)3, and
Mn(L)(CO)3(CH3CN) carried out using density functional theory (DFT) as implemented in Parallel Suite ’18.

Ligand

CH3CN-bound

Monomer

Reference

(kcal/mol)

(kcal/mol)

No ligand (Mn(CO)5Br)

10.2

13.3

bipyridine

3.3

11.3

15

4,4ʹ-dimethylbipyridine

1.7

8.9

52

4,4ʹ-diethylbipyridine

2.8

9.2

52

4,4ʹ-t-butylbipyridine

3.3

9.0

52

4,4ʹ,5,5ʹ-tetramethylbipyridine

3.7

9.1

52

4,4ʹ-dimethoxybipyridine

2.5

9.3

52

4,4ʹ-dicarboxylbipyridine

-10.6

8.8

52

4,4ʹ-diphenylbipyridine

0.9

9.4

52

4,4ʹ-dibenzylbipyridine

4.5

10.3

52

2,2ʹ-bipyramidine

-1.2

23.0

52

2,2ʹ-bipyrizine

3.7

16.5

52

6,6ʹ-dimethylbipyridine (24)

-0.1

3.6

This Work

6-methylbipyridine (23) (anti)

1.0

6.3

This Work

6-methylbipyridine (23) (syn)

0.9

6.2

This Work

Pyridyl-quinoline (25) (anti)

-3.0

5.6

This Work

Pyridyl-quinoline (25) (syn)

-3.0

5.6

This Work

Pyridyl-isoquinoline (27) (anti)

3.2

9.1

This Work

Pyridyl-isoquinoline (27) (syn)

2.9

8.8

This Work

Biisoquinoline (28)

5.7

11.8

This Work

Quinoline-isoquinoline (29) (anti)

-2.0

5.7

This Work

Quinoline-isoquinoline (29) (syn)

-2.0

5.6

This Work

Biquinoline (26)

-7.6

0.8

51

phenanthroline

3.1

8.9

51

2,9-dimethylphenanthroline

0.0

1.3

51

6,6ʹ-bis(mesityl)bipyridine

-8.0

-1.9

16
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Mn(bpy)(CO)3Br

23

25

Mn(mesbpy)(CO)3Br

24

26

Figure 23: Spartan models of novel and literature complexes. Calculated average dihedral angles: Mn(bipy)(CO)3Br
– 4.04°; Mn(mesbpy)(CO)3Br – 20.05°; 23 – 15.22°; 24 – 24.66°; 25 – 16.62°; 26 – 26.39°.

In addition to determining the relative stability of different intermediate species, this
analysis offers a way to compare 24 and 26 to better understand how their electronic effects
influence their redox behavior, as they have similar steric bulk near the metal center. The bqn
ligand extends the conjugated π-system, delocalizing the radical electron formed upon reduction
of the parent complex without significantly altering the dihedral angle (θ = 26.4°) relative to that
of 24 (θ = 24.6°) (Figure 23). Cyclic voltammetry of 26 under standard conditions (Figure 11)
showed a reversible 2e– reduction event with no evidence for dimer formation, consistent with the
literature.58 The small energy difference for the dimer and monomer forms of 26 (∆G‡ = 0.8 kcal
mol–1) suggests that the lack of a dimer for this species is primarily due to the relative stability of
the CH3CN-bound species (∆G‡ = −7.6 kcal mol–1), in agreement with Rochford’s conclusions.51
However, this stability is not solely dependent on the electronics of 26; proposed isomers
Mn(biiqn)(CO)3Br (biiqn = 2,2ʹ-biisoquinoline) (28) and Mn(qniqn)(CO)3Br (qniqn = 2-(2quinoline)-isoquinoline) (29) were also investigated computationally (Table 2), having the same
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electronic delocalization effects but with less direct steric interaction with the metal center. While
the monomer species for these complexes were found to be less favorable than for 26, so too were
the CH3CN-coordinated species. Solvent coordination was only 2 kcal/mol more stable than the
dimer for Mn(qniqn)(CO)3Br, while it was 5.7 kcal/mol less stable for Mn(biiqn)(CO)3Br. While
these complexes were not synthesized and tested experimentally, we propose that
Mn(biiqn)(CO)3Br should demonstrate significant dimer-formation behavior. Thus, the steric
interaction of the bqn ligand on the metal center also contributes to the relative stability of
Mn(bqn)(CO)3(CH3CN) compared to the dimer.

27: Mn(piqn)(CO)3Br

28: Mn(biiqn)(CO)3Br

29: Mn(qniqn)(CO)3Br

Figure 24: Hypothetical isomers of 25 and 26 which maintain electron delocalization but limit direct steric influence.

Given that our calculations showed no significant instability of the dimeric species, we
hypothesized that 26 might dimerize under non-standard electrochemical conditions, such as at
high concentrations or in a non-coordinating solvent. Cyclic voltammetry of 26 under standard
conditions (1 mM, 0.1 M [Bu4N][PF6] in CH3CN, N2) demonstrated behavior consistent with
literature expectations, wherein the solvated complex Mn(bqn)(CO)3(CH3CN)0 precludes the
formation of the stable dimer [Mn(bqn)(CO)3]2 (Figure 25).58 However, CV in non-coordinating
solvent (1 mM, 0.1 M [Bu4N][PF6] in THF, N2) demonstrated the characteristic dimer oxidation
peak at scan rates above 100 mV/s, as well as a dimer-cleaving reduction peak at scan rate = 100
mV/s (Figure 26A). This suggests that in the absence of CH3CN, the dimer [Mn(biquin)(CO)3]2 is
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more favored than the monomeric neutral species Mn(bqn)(CO)30, which is consistent with our
calculations (∆G‡ = 0.8 kcal mol–1). In both cases, the reversible 2e− reduction at −1.3 V remains
(peak separation = ~70 mV). This peak occurs anodically to that of Mn(bpy)(CO)3Br due to the
electron-delocalizing effects of the biquinoline ligand, which better stabilizes the negative charge.

Figure 25: Cyclic voltammograms of 1 mM Mn(bqn)(CO)3Br (26) in dry CH3CN with 0.1 M [Bu4N][PF6] as the
supporting electrolyte under an atmosphere of N 2.

As in 24, increasing the analyte concentration increases the observed formation of the
dimer, even in coordinating solvent. Cyclic voltammetry of 26 (5 mM, 0.1 M [Bu4N][PF6] in
CH3CN, N2, Figure 26B) at scan rates below 100 mV s–1 demonstrated reduction peaks on either
side of the 2e− reduction (which had a peak separation of ~80 mV), indicating a small degree of
dimer formation and cleavage. At a scan rate of 10 mV/s with a scan window excluding the 2e−
reduction pathway (Figure 26C), the dimer formation (−1.18 V vs Fc/Fc+) and oxidation peaks
(−0.55 V) were observed. We conclude that Mn(bqn)(CO)3Br is capable of forming the dimer
[Mn(bqn)(CO)3]2.
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A

B

C

Figure 26: Cyclic voltammetry of Mn(bqn)(CO)3Br (26) under N2 with 0.1M [Bu4N][PF6] supporting
electrolyte. (A) 1 mM analyte in THF; (B) 5 mM analyte in CH3CN, 50 mV/s; (C) 5 mM analyte in CH3CN.
10 mV/s.
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Mn(pqn)(CO)3Br (25) was investigated as a species with electronic and steric properties
between 3 and 26. Electronically, pqn is similar to bqn, withdrawing electron density from the
metal center through its extended π-system. However, the unsymmetrical nature of the pqn ligand
limits its steric interaction with the metal center, similar to the difference between 23 and 24. 25
does not undergo distortion to the same degree as 6,6′-Me2bpy and bqn ligands (θ = 16.6°), and
has Mn(pqn)(CO)3(CH3CN)0 as its most stable neutral species, 3 kcal/mol more stable than the
dimer. CV of 25 at our standard conditions (Figure 27) demonstrated an irreversible 2e− reduction
to the anion, though at high scan rates a possible dimer oxidation peak was observed.
Dimer formation and cleavage can be seen more easily in the triflate-substituted complex
25-OTf (Figure 28). A comparison of 25 and [Mn(pqn)(CO)3(CH3CN)]+ (the solvated complex of
25-OTf) shows that 25 is more distorted from octahedral geometry than 25-OTf (θ = 16.1° vs
14.8°), which might account for the difference in behavior. It is also possible that 25 simply
degrades faster, a sensitivity which initially prompted the synthesis of 25-OTf. The peaks
corresponding to dimer formation were diminished with a more dilute analyte (Figure 29), similar
to the behavior for 24. Under these dilute conditions, the anion [Mn(pqn)(CO)3]− was achieved at
a less negative potential (−1.23 V vs −1.58 V), similar to the potential seen in 25 (−1.29 V).
Varying the scan window to isolate the first reduction event for the 1 mM 25-OTf condition
demonstrated that the dimer oxidation peak at −0.63 V only occurred upon formation of the dimer
during reduction at −1.31 V (Figure 30), while the reduction peak at −1.28 V led to a distinct
oxidation peak at −0.47 V. These values are similar to the distinct oxidation peaks seen for 24, due
to oxidation of either [Mn(pqn)(CO)3]0 or [Mn(pqn)(CO)3]20. The peak separation for the
reversible peak between −1.3 V and −1.4 V is 30 mV at 100 mV/s and 60 mV at 1000 mV/s.
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Figure 27: Cyclic voltammetry of 1 mM Mn(pqn)(CO)3Br (25) under N2 in dry CH3CN with 0.1M [Bu4N][PF6]
supporting electrolyte at varying scan rates.

Figure 28: Cyclic voltammetry of 1 mM Mn(pqn)(CO)3(OTf) (25-OTf) under N2 in dry CH3CN with 0.1M
[Bu4N][PF6] supporting electrolyte at varying scan rates.
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Figure 29: Cyclic voltammograms of 0.2 mM Mn(pqn)(CO)3(OTf) (25-OTf) in dry CH3CN with 0.1 M [Bu4N][PF6]
as the supporting electrolyte under an atmosphere of N 2.

Figure 30: Cyclic voltammetry of 1 mM Mn(pqn)(CO)3(OTf) (25-OTf) under N2 in dry CH3CN with 0.1M
[Bu4N][PF6] supporting electrolyte at 100 mV/s with varying scan windows.
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A triflate analogue was also synthesized for 24 to see if its redox behavior changed based
on the geometric distortion of the parent complex. CV at 100 mV/s under standard conditions
showed that while 24 generated both dimer and pentacoordinate monomer, 24-OTf demonstrated
two successive reversible 1e− peaks, with no oxidation peaks related to the oxidation of the dimer
or the monomer (Figure 31). This is a more significant change than seen between bromide and
triflate complexes of Mn(4,4ʹ-tBu2bpy)(CO)3X.56 This finding supports our claim that distortion
of the intermediate species formed during voltammetry affects dimer formation, in addition to
straightforward steric and electronic effects. This distortion prevents these peaks from
demonstrating true reversibility, as peak separation is 100 mV for the peak at −1.65 V for 24 and
for the peaks at −1.54 V and −1.36 V for 24-OTf; if no chemical or organization transformation
occurred, then peak separation would be ~60 mV.

Figure 31: Cyclic voltammetry of Mn(6,6ʹ-Me2bpy)(CO)3Br (24, blue) and Mn(6,6ʹ-Me2bpy)(CO)3(OTf) (24-OTf,
red) under N2 in dry CH3CN with 0.1M [Bu4N][PF6] supporting electrolyte, scan rate = 100 mV/s.
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2.1.3. Selectivity and Efficiency of Electrocatalysis

All novel complexes were investigated for competency as CO2-reduction electrocatalysts.
CV measured under N2, CO2, and under CO2 with added water (5%, v/v) as a Bronsted acid
conditions were compared. Current enhancement suggests an interaction between the analyte and
the substrates, presumed a precondition to catalytic turnover. Upon binding CO2 and undergoing
protonation to form Mn(R-bpy)(CO)3(COOH)0, catalysis can proceed via the protonation-first or
reduction-first pathway, the latter occurring at more negative potentials. No significant difference
was found in current enhancement between bromide and triflate-substituted complexes, so 24-OTf
and 25-OTf were used for convenience (Figure 32). In all cases a modest current enhancement
(icat/ip ≈ 1.5) was observed at the potential attributed to anion-formation (Figure 33). This
enhancement was smaller than that seen with Mn(bpy)(CO)3Br, indicating that these complexes
do not reduce CO2 via the protonation-first pathway to a significant degree.15

Figure 32: Cyclic voltammetry of Mn(6,6ʹ-Me2bpy)(CO)3Br (24, left) and Mn(6,6ʹ-Me2bpy)(CO)3(OTf) (24-OTf)
with 0.1M [Bu4N][PF6] supporting electrolyte, scan rate = 100 mV/s, under N2 or CO2 with 5% (v/v) H2O added.
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Figure 33: Cyclic voltammetry of 1 mM solutions of 23, 24-OTf, 25-OTf, and 26 with 0.1M [Bu4N][PF6] supporting
electrolyte, scan rate = 100 mV/s under N2, CO2, and CO2 + 5% (v/v) H2O conditions.

This result is not unexpected for 25 and 26, as electron-withdrawing substituents are known
to hinder CO2 reduction.52 For 23 and 24, this lack of activity may be due to greater steric hindrance
near the metal center as well as the lower nucleophilicity of the Mn site due to the distorted
geometries.51 More significant current enhancement was seen at an applied potential of −2.1 V,
consistent with a reduction-first pathway, though an even more negative potential was required for
26 (icat/ip: 23 = 10.3; 24-OTf = 3.6; 25-OTf = 2.3; 26 = 7.6 at –2.5 V, Figure 33).
To determine if current enhancement results in catalysis and to measure the products of the
electrochemical reaction, fresh samples of analyte in 5% H2O/CH3CN solution was sealed in a 3neck round-bottomed flask with customized septa to allow the electrodes to reach the solution. The
flask was sparged with CO2 and tested by gas chromatography to ensure no air remained. A
controlled potential was applied for four hours, with headspace analysis by GC taken every half
hour to determine turnover number (TON). This process was done in the absence of light to avoid
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degradation of the catalyst. The potential was chosen based on the peak potential which exhibited
current enhancement, typically around −1.7 V for the protonation-first pathway and −2.1 V for the
reduction-first pathway. The results are summarized in Table 3.
Controlled Potential Electrolysis (CPE) of 24-OTf and 26 was performed at −1.7 V under
a CO2 atmosphere (1 mM in 1 M [Bu4N][PF6] in CH3CN with 5% H2O (v/v)). The turnover
numbers for these catalysts were lower than Mn(bpy)(CO)3Br (TON = 13 over 4 h) at this potential,
though like 3 they were selective for CO over H2.15 Non-optimal faradaic efficiency was attributed
to catalyst degradation and metal deposition at the electrode, as no formate could be detected by
1H NMR spectroscopy. The poor catalytic activity was also attributed to catalyst decomposition,
likely a consequence of the distorted metal center geometry. While Rochford and coworkers
achieved greater turnover using the triflate complex 22, this is the first time 26 has been shown to
produce CO at the protonation-first potential.51
CPE was performed for 23, 24-OTf, and 25-OTf at −2.1 V, resulting in increased H2
production. While Mn(bpy)(CO)3Br does produce H2 after nearly a day at −1.7 V or after several
hours at −2.1 V, our catalysts generate it sooner during CPE and in larger amounts relative to the
amount of CO produced.15 CO2 reduction is hindered in catalysts with electron-withdrawing
groups, allowing for relatively more H2 generation, but this does not explain the results for 23 and
24-OTf.53 The steric influence of the methyl substituents is likely responsible, as the distortion
disrupts the ability of the metal radical and the ligand radical from acting together on the
substrate.51 This would hinder nucleophilicity, leading to more selectivity for H2 but lower TON
overall.
The specific CO:H2 ratio of 24-OTf is of particular interest, with selectivity of 60:29 over
the course of 4 hours. This approximately 2:1 ratio is also seen in other 6,6'-substituted complexes
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under

similar

conditions

(5%

H2O

(v/v)

=

2.8M,

reduction-first

pathway).47

[Mn(mesbpy)(CO)3(CH3CN)]OTf gave a ratio of 73:27 with 5.95 M H2O at −3.01 V vs Fc/Fc+,
while [Mn(6,6ʹ-bis(2,6-(MeO)2Ph)bpy)(CO)3(CH3CN)]OTf gave a ratio of 61:38 with 6.33 M H2O
at −3.10 V vs Fc/Fc+. Although few 6,6ʹ-substituted catalysts have been tested under these
conditions, it would appear based on these three examples that it is the presence of any substituent
at these positions, regardless of the identity of that substituent, that determines their product
selectivity to a large degree. This finding could be useful in designing new ligands for generating
specific mixtures of CO and H2 in situ. The CO:H2 ratio of 25-OTf is also promising, as after 1
hour it achieved a 3:8 ratio, close to the 1:2 ratio of desirable syngas. However, this ratio reached
~1:5 after 4 hours, with more H2 production indicating decreased nucleophilicity due to
decomposition of the catalyst. It is not known if this catalyst can be made more stable while
maintaining its product selectivity.
Table 3: Controlled Potential Electrolysis (CPE) Results for 23, 24-OTf, 25-OTf, and 26.
Complex

Concentration

23

1.0 mM

23
24-OTf
24-OTf

1.0 mM

1.1 mM

1.1 mM

Potential
+
vs. Fc/Fc
−2.1V
−2.1V
−2.1V
−2.1V

Product

1h TON

1h FE%

4h TON

4h FE%

CO

0.5

71%

0.9

60%

*1.5hr

*1.5hr

0.1

19%

0.4

26%

*1.5hr

*1.5hr

1.2

59%

3.4

60%

*0.75 hr

*0.75 hr

0.5

23%

1.6

29%

*0.75 hr

*0.75 hr

H

2

CO

H

2

24-OTf

1.1 mM

−1.7V

CO

0.3

56%

1.0

54%

25-OTf

0.9 mM

−2.1V

CO

0.2

15%

0.5

9%

25-OTf

0.9 mM

−2.1V

H

0.5

39%

2.3

43%

26

1.0 mM

−1.7V

CO

0.5

80%

1.4

71%

2
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2.1.4. Property Comparisons of Novel and Literature Complexes

In order to further distinguish the relative impact of steric and electronic effects of the
investigated complexes, their experimental and theoretical properties were compared with relevant
literature species, in particular those of Bocarsly and coworkers (Figure 34). They investigated a
series of 4,4′-substituted Mn(R-bpy)(CO)3Br complexes and found correlations between the metalligand charge transfer band (MLCT; λmax, nm), the calculated HOMO-LUMO gap (kcal mol–1),
and the potential of the first reduction peak indicative of the reduction of the Mn-Mn dimer and
formation of the anionic species (V vs. Fc/Fc+).52 The latter property was described as the “first”
reduction potential, but “anion-forming” potential is a more robust metric, as some species were
reduced from the dimer while others formed the anion via two-electron reduction from the parent
complex. We also include the calculated dihedral angle (θ) to see if it correlates with the other
properties and if this correlation is different depending on the position of the substitution. The
values for our complexes (as well as Mn(bpy)(CO)3Br (3) and Mn(4,4ʹ-Me2bpy)(CO)3Br) (4) are
summarized in Table 4. Comparing 4,4ʹ-Me2bpy and 6,6ʹ-Me2bpy is particularly revealing, as the
electron induction effects and steric bulk of the two methyl substituents should be equivalent, so
the only difference should be the distortion 24 causes to the metal center geometry (Figure 35).
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L = 4,4ʹ-diMe

L = 4,4ʹ-diEt

L = 4,4ʹ-diPh

L = 4,4ʹ-diBn

L = Bpm

L =4,4ʹ-ditBu

L = 4,4ʹ,5,5ʹ-tetraMe

L =4,4ʹ-diCOOH

L = Bpz

L = 1,10-Phen

L =4,4ʹ-diOMe

Figure 34: Mn(L)(CO)3Br compounds used for property comparison with novel species. Taken from Tignor et al.
(2019).

Figure 35: Side view of Spartan models of Mn(4,4ʹ-Me2bpy)(CO)3Br (dihedral angle = 4.04°) and 24 (dihedral angle
= 24.66°).
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Table 4: Relevant computational and experimental properties of Mn(bpy)(CO)3Br, Mn(4,4ʹ-Me2bpy)(CO)3Br, 23, 24,
25, and 26. ‡MLCT λmax for 25 confirmed by fluorescence spectroscopy rather than UV-Vis spectroscopy. *MLCT
and Potentials taken from Tignor et al. (2019).

Ligand in Mn(R-

MLCT λmax

HOMO-LUMO

Primary Peak

Dihedral

bpy)(CO)3Br

(nm)

gap (kcal/mol)

Potential

Angle (°)

Bipy*

416

−68.9

−1.66

4.04

6-Mebpy

407

−71.5

−1.66

15.22

6,6ʹ-Me2bpy

397

−74.2

−1.67

24.66

4,4ʹ-Me2bpy*

412

−70.3

−1.67

3.55

Pqn

446‡

−65.0

−1.33

16.62

Bqn

476

−62.3

−1.28

26.39

Their analysis distinguished between ligands bearing electron-withdrawing substituents
(such as 25 and 26) and electron-donating or non-biasing substituents (such as 23 and 24), for
reasons discussed in Section 2.0.2. Applying a similar analysis to the complexes reported here
demonstrates a dominating steric influence imparted by electron-donating substituents at the 6,6′positions (Figures 36-44). The calculated HOMO-LUMO gap for L = 6,6′-Me2bpy is larger than
either 4,4′-Me2bpy, or even 4,4′,5,5′-Me4bpy, due to an increase in the LUMO level due to the
geometric distortion of the metal center.58 This also explains why the MLCT wavelength for 24 is
blue-shifted by 15 nm compared to Mn(4,4′-Me2bpy)(CO)3Br. These properties are strongly
correlated, and the effect of a single 6-methyl substituent is significant, nearly as much as four
methyl substituents that don’t interfere with the metal center. In contrast, the calculated steric
influence of pqn and bqn is minimal, as the HOMO-LUMO gap is smaller and the MLCT is
redshifted compared to bipy. The changes in the reduction potential observed can thus be attributed
primarily to the electronic influence of the extended conjugation of the ligand backbone.
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MLCT vs HOMO-LUMO gap: e-donating
420

4,4'-diBn

bipy

415

Wavelength (nm)

4,4'-diEt
Phen

410

4,4'-ditBu

4,4'-diMe

6-Mebpy
405

4,4',5,5'-tetraMe
4,4'-diOMe

400

6,6’-Me2bpy

395
390
68.0

69.0

70.0

71.0

72.0

73.0

74.0

75.0

HOMO-LUMO gap (kcal/mol)
Figure 36: Comparison of MLCT λmax and HOMO-LUMO gap for relevant novel and literature Mn(R-bpy)(CO)3Br
complexes with electron-donating substituents.

MLCT vs HOMO-LUMO gap: e-withdrawing
480

Bqn

470

Bpz

Wavelength (nm)

460

4,4'-diCOOH

450

Pqn

440
430

Bpm

4,4'-diPh

420

bipy

410

Phen

400
60.0

61.0

62.0

63.0

64.0

65.0

66.0

67.0

68.0

69.0

70.0

HOMO-LUMO gap (kcal/mol)
Figure 37: Comparison of MLCT λmax and HOMO-LUMO gap for relevant novel and literature Mn(R-bpy)(CO)3Br
complexes with electron-withdrawing substituents.
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Dihedral vs HOMO-LUMO - e-donating
30

6,6’-Me2bpy

25

Dihedral (°)

20

15

6-Mebpy
10

Bipy

5

4,4'-diEt
4,4'-diMe

0
68.0

69.0

70.0

4,4'-diBn
4,4'-diOMe
4,4',5,5'-tetraMe

4,4'-ditBu
71.0

72.0

73.0

74.0

75.0

HOMO-LUMO gap (kcal/mol)
Figure 38: Comparison of dihedral angle and HOMO-LUMO gap for relevant novel and literature Mn(R-bpy)(CO)3Br
complexes with electron-donating substituents.

Given that the energy of the calculated HOMO-LUMO gap correlates with the
experimental MLCT λmax, and that the distortion from octahedral geometry results in an increase
in the LUMO with little effect on the HOMO, it follows that the dihedral angle should correlate
with both properties. This turned out to only be true for our novel complexes, as distortion was not
significant for 4,4ʹ-substituted ligands. Interestingly, Mn(mesbpy)(CO)3Br and Mn(6,6ʹ(OMe)2Phbpy)(CO)3Br had significant distortion (θ = 20° and 25°) but a much higher HOMOLUMO gap than either 25 or 26.17,16 We attribute this to the orientation of the mesityl groups
orthogonal to the bipyridyl plane, preventing electron delocalization while still disrupting the
octahedral geometry. Mn(2,9-Me2phen)(CO)3Br shared this trait, but it cannot be compared
directly due to its differences from bipyridine. Still, it is noteworthy that despite the rigidity of the
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ligand, the metal center can still undergo significant distortion; furthermore, this only occurs for
the disubstituted ligand, unlike 23 and 24.

Dihedral vs HOMO-LUMO - e-withdrawing
30
25

Bqn
6,6'-diOMePhbpy

Dihedral (°)

20

MesBpy

Pqn

2,9-diMePhen

15
10
4,4'-diPh

5
4,4'-diCOOH

Bpm

Bpz

bipy

Phen

2-MePhen

0
60.0

62.0

64.0

66.0

68.0

6-Phenolbpy

70.0

72.0

74.0

76.0

78.0

HOMO-LUMO gap (kcal/mol)
Figure 39: Comparison of dihedral angle and HOMO-LUMO gap for relevant novel and literature Mn(R-bpy)(CO)3Br
complexes with electron-withdrawing substituents.

Although isomers of 25 and 26 (27-29) were not investigated experimentally, the HOMOLUMO gaps of these species further supports our claim that their properties are not solely based
on electron delocalization (Figures 24, 40). Distortion is only significant for species with a
quinoline functional group (rather than isoquinoline or pyridine), as this is the only group that has
steric interactions with the metal center. The lack of a decrease in the HOMO-LUMO group for
the isoquinoline species relative to bipyridine is surprising, but could simply be an error in the
models; we recommend synthesizing these complexes, as they are likely to be more stable than 24
and 26.
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Dihedral vs HOMO-LUMO gap for extended
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Figure 40: Comparison of dihedral angle and HOMO-LUMO gap for Mn(R-bpy)(CO)3Br complexes with extended
aromatic ligand conjugation.

Anion-forming potential vs HOMO-LUMO: e-donating
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Figure 41: Comparison of anion-forming potential (at 100 mV/s) and HOMO-LUMO gap for relevant novel and
literature Mn(R-bpy)(CO)3Br complexes with electron-donating substituents. Values for literature complexes vary
based on scan rate.

59

Anion-forming potential vs HOMO-LUMO: e-withdrawing
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Figure 42: Comparison of anion-forming potential (at 100 mV/s) and HOMO-LUMO gap for relevant novel and
literature Mn(R-bpy)(CO)3Br complexes with electron-withdrawing substituents.
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Anion-forming Potential vs MLCT - e-donating
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Figure 43: Comparison of anion-forming potential (at 100 mV/s) and MLCT λmax for relevant novel and literature
Mn(R-bpy)(CO)3Br complexes with electron-donating substituents.
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Figure 44: Comparison of anion-forming potential (at 100 mV/s) and MLCT λmax for relevant novel and literature
Mn(R-bpy)(CO)3Br complexes with electron-withdrawing substituents.
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While the HOMO-LUMO gap and MLCT λmax correlated with each other fairly well for
all species, no such relationship can be seen between either property and the potential at which an
anion forms for the complexes with electron-donating substituents (Figures 41, 43). A rough
relationship seems to exist for electron-withdrawing substituents, with lower-energy gaps leading
to absorption of lower-energy light as well as more facile reduction to the anion (Figures 42, 44).
A more interesting relationship can be seen when comparing the monosubstituted 23 against the
disubstituted 24, with the unsymmetrical 23 forming an anion at a more anodic potential than
would be expected for the series. Close examination of the CV of 23 reveals a second reduction
peak approximately 100-200 mV more negative than the anion-forming potential which is not
already attributed to another redox event, which more closely matches the expected value given
the HOMO-LUMO gap (Figures 21, 43). This phenomenon can be explained by the unsymmetrical
structure of 23; upon dimerization, the substituents may be aligned (syn-dimer) or misaligned
(anti-dimer), giving rise to two dimers with slightly different free energies (Table 2). Thus, the
energy required to cleave these dimers differs, with the higher-energy dimer reduced to the anion
at a less negative potential than expected. Alternatively, this discrepancy can be explained by the
difference in potential required to reduce [Mn(6-Mebpy)(CO)3]0 or [Mn(6-Mebpy)(CO)3]20 to the
anion.
A Randles-Sevcik plot reveals a linear scan rate dependence for all species, indicating a
free diffusion in solution (Figure 45). The slope for the dimer reformation peak of 23 at −1.5 V is
49 μA s1/2 V−1/2, which is opposite the slope of the second dimer reduction peak at −1.7 V (−49 μA
s1/2 V−1/2) rather than the first dimer reduction peak at −1.6 V (−61 μA s1/2 V−1/2), consistent with
the claim that both syn and anti dimers are cleaved at these potentials, with the more stable dimer
re-forming upon oxidation. However, if reductive cleavage of the dimer requires two electrons,
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then the “second dimer reduction peak” is more likely reduction of the reduction of [Mn(6Mebpy)(CO)3]0. Investigation of 23 in THF or at different concentrations may elucidate this.
A similar relationship appears to exist for 25, with two different anion-forming potentials,
the first of which occurs at a more anodic potential than expected. However, the formation of the
anion at −1.27 V is only seen in CV of dilute (0.2 mM) 25, which avoids formation of the dimer
species (Figure 29). It is possible that 25 also demonstrates the syn/anti isomerism of 23, but this
has not yet been shown due to the rapid degradation of the complex. Similarly, it is possible that
the behavior seen in 23 can be explained by reduction directly to the anion without formation of
the dimer, but direct spectroelectrochemical analysis is necessary for firm conclusions.
Searching the literature for unsymmetrical complexes with additional anion-forming peaks
provides further examples of 6-substituted bipyridines and their redox behavior. However, most
of these use aryl substituents, and are too bulky to form dimers at all.59,60 Those that can form
dimers may still be too bulky to form both orientations, or have hydrogen-bonding groups which
complicate an analysis of their relative energies.61,62 Charged substituents can also hinder dimer
formation.63 The most promising examples are the complexes made with the 6-(2-phenol)-2,2ʹbipyridine

ligand

by

Bocarsly

and

coworkers

and

the

bipyridine-like

2-

[(phenylimino)methyl]pyridine) ligand by Weinstein and coworkers.62,64 These complexes have
demonstrated small peaks near the anion-forming potential that have not been accounted for
mechanistically, though alternative explanations exist. If this syn/anti isomer behavior can be
exploited, it suggests that unsymmetrical 6-substituted Mn(R-bpy)(CO)3Br complexes can
promote catalysis at more modest potentials than symmetric complexes can.
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Figure 45: Randles-Sevcik plot for the reduction (bottom) at −1.6 V, the reduction (middle) at −1.7 V, and the
oxidation (top) at −1.5 V of 23 recorded at 1 mM concentration in 0.1 M Bu 4NPF6 CH3CN under N2. The scan rate
for the reduction was varied as 20, 50, 100, 200, 500, and 1000 mV s −.

2.2. Experimental

2.2.1. Synthesis of Manganese Complexes

=
Figure 46: Complexation reaction forming compounds 23-26.
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23:

Mn(6-Mebpy)(CO)3Br,

(6-methyl-2,2′-bipyridine-κN1,

κN1)

bromotricarbonyl

manganese
To a Schlenk flask covered in foil a degassed solution of 6-Mebpy (46.3 mg, 0.272 mmol)
in diethyl ether (20 mL) was added Mn(CO)5Br (74.8 mg, 0.272 mmol, 1 eq.) with stirring at r.t.
The reaction mixture was refluxed at 36 ºC for 5 h to overnight affording a dark orange solution.
The precipitate was collected on glass frit by vacuum filtration and washed with diethyl ether (3 ×
1 mL) to yield a yellow-orange powder (51.9 mg, 49%). FTIR (ATR) νCO: 1904, 2016 cm−1.
UV−vis (λmax, nm; CH3CN): 407. Elemental Analysis of C14H10N2O3MnBr, Calculated: C 43.2, H
2.6, N 7.2. Found: C 43.1, H 2.5, N 7.0. 1H NMR (400 MHz, d6-DMSO) : 9.23 (d, 1H, J = 5.7
Hz), 8.61 (d, 1H, J = 8.2 Hz), 8.47 (d, 1H J = 7.7 Hz), 8.20 (t, 1H J = 7.4 Hz), 8.09 (t, 1H J =
7.9 Hz), 7.69 (m, 2H), 3.02 (s, 3H).

24: Mn(6,6ʹ-Me2bpy)(CO)3Br, (6,6′-dimethyl-2,2′-bipyridine-κN1, κN1) bromotricarbonyl
manganese
To a Schlenk flask covered in foil a degassed solution of 6,6ʹ-dimethyl-2,2ʹ-bipyridine
(167.7 mg, 0.91 mmol) in diethyl ether (20 mL) was added Mn(CO)5Br (250.1 mg, 0.91 mmol, 1
eq.) with stirring at r.t. The reaction mixture was refluxed at 36 ºC for 5 h to overnight affording a
dark orange solution. The precipitate was collected on glass frit by vacuum filtration and washed
with diethyl ether (3 × 1 mL) to yield a yellow-orange powder (304.5 mg, 83%). FTIR (ATR) νCO:
1904, 2016 cm−1. UV−vis (λmax, nm; CH3CN): 397. Elemental Analysis of C15H12N2O3MnBr,
Calculated: C 44.7, H 3.0, N 6.9. Found: C 44.66, H 2.92, N 6.87. 1H NMR (400 MHz, d6-DMSO)
: 8.42 (d, 2H, J = 7.7 Hz), 8.08 (t, 2H, J = 7.5 Hz), 7.63 (d, 2H J = 7.6 Hz), 3.07 (s, 3H). 13C
NMR (100 MHz, d6-DMSO) : 163.51, 157.62, 140.75, 127.21, 121.80, 28.33.
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25: Mn(pqn)(CO)3Br, (2-pyridyl-2′-quinoline-κN1, κN1) bromotricarbonyl manganese
To a Schlenk flask covered in foil a degassed solution of 2-pyridyl-2ʹ-quinoline (54.4 mg,
0.264 mmol) in diethyl ether (20 mL) was added Mn(CO)5Br (72.6 mg, 0.264 mmol, 1 eq.) with
stirring at r.t. The reaction mixture was refluxed at 36 ºC for 5 h to overnight affording a dark
orange solution. The precipitate was collected on glass frit by vacuum filtration and washed with
hexanes (3 × 1 mL) to yield a yellow-orange powder (40.4 mg, 36%). FTIR (ATR) νCO: 1901,
1932, 2014 cm−1. UV−vis (λmax, nm; CH3CN): 333, 349. 1H NMR (400 MHz, d6-DMSO) : (All
peaks are broad and exact coupling cannot be ascertained) 9.36 (s, 1H), 8.82 (s, 3H), 8.70 (s, 1H),
8.25 (m, 2H), 8.08 (s, 1H), 7.80 (m, 2H).

26: Mn(biquin)(CO)3Br, (2,2′-biquinoline-κN1, κN1) bromotricarbonyl manganese
To a Schlenk flask covered in foil a degassed solution of 2,2ʹ-biquinoline (233.2 mg, 0.91
mmol) in diethyl ether (20 mL) was added Mn(CO)5Br (250.1 mg, 0.91 mmol, 1 eq.) with stirring
at r.t. The reaction mixture was refluxed at 36 ºC for 5 h to overnight affording a dark orange
solution. The precipitate was collected on glass frit by vacuum filtration and washed with diethyl
ether (3 × 1 mL) to yield a yellow-orange powder (384.8 mg, 89%). FTIR (ATR) νCO: 1904,
2015cm−1. UV−vis (λmax, nm; CH3CN): 476. EA C21H12N2O3MnBr, Calculated: C 51.8, H 2.5, N
5.9. Found: C 52.81, H 2.49, N 5.90.
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=
Figure 47: Formation of Mn(L)(CO)3(OTf), L = 6,6ʹ-dimethyl-2,2ʹ-bipyridine (24-OTf), 2-pyridyl-2ʹ-quinoline (25OTf) via intermediate Mn(CO)5(OTf)

24-OTf: Mn(6,6ʹ-Me2bpy)(CO)3(OTf), (6,6′-dimethyl-2,2′-bipyridine-κN1, κN1) tricarbonyl
manganese trifluoromethane sulfonate
In a glove box, Mn(CO)5Br (208.4 mg, 0.76 mmol), AgOTf (215.6 mg, 0.84 mmol, 1.1 eq)
and dichloromethane (20 mL) were combined in a 50 mL round-bottomed flask covered in foil
and stirred 18 h to produce a yellow suspension which was filtered through Celite. The filtrate was
concentrated to confirm the intermediate Mn(CO)5(OTf) by IR. FTIR (ATR) νCO: 1938, 2023,
2057, 2962 cm−1. Mn(CO)5(OTf) was re-suspended in DCM and added via cannula to a solution
of 6,6ʹ-dimethyl-2,2ʹ-bipyridine (140.6 mg, 0.77 mmol, 1 eq) in DCM (10 mL) in a 50 mL Schlenk
flask covered in foil and stirred overnight to produce an orange solution. The product was
concentrated, suspended in diethyl ether, and filtered through a fine glass frit to give a light orange
solid (232.7 mg, 64%). FTIR (ATF) νCO: 2033, 1918 cm-1. UV−vis data (λmax, nm; CH3CN): 366.

25-OTf: Mn(PyQuin)(CO)3(OTf), (2-pyridyl-2′-quinoline-κN1, κN1) tricarbonyl manganese
trifluoromethane sulfonate
In a glove box, Mn(CO)5Br (53.3 mg, 0.19 mmol), AgOTf (36 mg, 0.21 mmol, 1.1 eq),
and dichloromethane (20 mL) were combined in a 50 mL round-bottomed flask covered in foil
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and stirred 18 h to produce a yellow suspension which was filtered through Celite. The filtrate was
added via cannula to a solution of 2-Pyridinylquinoline (40 mg, 0.19 mmol, 1 eq) in DCM (10 mL)
in a 50 mL Schlenk flask covered in foil and stirred overnight to produce an orange solution. The
product was concentrated, suspended in diethyl ether, and filtered through a fine glass frit to give
a light orange solid (15.0 mg, 16% yield). FTIR (ATF) νCO: 2038, 1931 cm-1. UV−vis data in
CH3CN (λmax, nm): 384.

d
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Figure 48: 1H NMR spectrum (400 MHz, d6-DMSO) of Mn(6-Mebpy)(CO)3Br (23).
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Figure 49: 1H NMR spectrum (400 MHz, d6-DMSO) of Mn(6,6ʹ-Me2bpy)(CO)3Br (24).

Figure 50: 13C NMR spectrum (100 MHz, d6-DMSO) of Mn(6,6ʹ-Me2bpy)(CO)3Br (24).
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h

Figure 51: 1H NMR spectrum (400 MHz, d6-DMSO) of Mn(Pyquin)(CO)3Br (25). Peak at 3.3 ppm is water contamination.
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Figure 52: FTIR of Mn(6-Mebpy)(CO)3Br (23).

Figure 53: FTIR of Mn(6,6ʹ-Me2bpy)(CO)3Br (24).
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Figure 54: FTIR of Mn(pqn)(CO)3Br (25).

Figure 55: FTIR of Mn(bqn)(CO)3Br (26).
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Figure 56: UV-Vis absorption spectra of synthesized complexes, normalized to the π- π* transition. Inset: view of
MLCT band range.
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Emission Spectra of 1 mM Mn(pqn)(CO)3Br in H3CCN
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Figure 57: Excitation and emission spectra of 1 mM 25 in acetonitrile. Emission is caused by both π-π* excitation
and MLCT excitation.

2.3. Conclusions

The complexes Mn(6-Mebpy)(CO)3Br, Mn(6,6′-Me2bpy)(CO)3Br and Mn(pqn)(CO)3Br,
as well as their triflate analogues, were synthesized and characterized. Computational analysis
showed that the steric and electronic influence of the substituents in the Mn(R-bpy) ligand
framework can be compared by examining the calculated free energies of the dimer, the neutral
pentacoordinate monomer, and solvent-coordinated species.
Analysis of the HOMO-LUMO gap, MLCT band, and primary reduction peak of these
species showed the steric effect of substitution at the 6- and 6,6′-positions does play a major role
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in the photophysical and electrochemical properties of these complexes. For the ligands with
extended conjugation and substitution at 6- or 6,6′ (as in 25 and 26), the electronic influence plays
a more significant role than the steric influence, though more research is required to understand
their effects in isolation.
We have observed that the use of an unsymmetrical ligand may result in reductive cleavage
of the Mn-Mn dimer (when formed) at less negative potentials than with a symmetric ligand. This
is a unique finding that may allow for the rational design of ligands that make use of the
protonation-first pathway to operate at lower overpotentials. We further investigate unsymmetrical
bipyridine-based ligands in Chapter 3.
Each of these catalysts is capable of reducing CO2 in the presence of a Brønsted acid to
CO via the protonation-first pathway and the reduction-first pathway, with hydrogen generation
also possible at more negative potentials. Though less effective at producing CO than
unfunctionalized Mn(bpy)(CO)3Br, they are generally more effective at generating H2, though this
is due to decreased nucleophilicity caused by the distortion of the metal center, which is
exacerbated as the catalyst degrades over time. However, greater stability and catalytic
optimization may allow specific ratios of CO and H2 to be produced. It was found that 24 generated
CO and H2 via the reduction-first pathway in approximately a 2:1 ratio, similar to the ratio
generated by far bulkier catalysts [Mn(mesbpy)(CO)3(CH3CN)]OTf and [Mn(6,6ʹ-bis(2,6(MeO)2Ph)bpy)(CO)3(CH3CN)]OTf under similar conditions.
Although not demonstrated in this work, product selectivity at modest potentials may
depend on the formation of a dimer. In a paper by Reisner and coworkers, a Mn(R-bpy)(CO)3Br
catalyst was functionalized to adhere to a carbon nanotube surface.10 By varying the surface
loading, dimer formation could be controlled, affecting the product formed via CO2 reduction; at
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high surface loading, the dimer formed, and CO was the major product, while at low surface
loading formate was generated. Unlike most Mn(R-bpy)(CO)3Br catalysts, 24 shows highly
concentration-dependent dimer formation behavior. Initial investigations into low-concentration
solutions showed a decrease in the faradaic efficiency of CO generated, but no formate could be
isolated.
The work contained in this chapter bridges significant gaps in our understanding of Mn(Rbpy)(CO)3Br catalysts and opens the door to improved 6-alkyl-substituted ligands for specific
catalytic goals. A deeper understanding of the mechanisms and behavior discussed would require
UV-Vis or Infrared spectroelectrochemistry or another technique which could investigate
intermediates formed in situ. However, based on the available literature and our observations, we
conclude the following main points:
We have successfully synthesized and characterized Mn complexes 23, 24, 25, and 26. The
formation of a dimer for these and other Mn(R-bpy)(CO)3Br complexes depends not just on the
identity of the complex but on variables such as concentration, solvent, and scan rate. The
formation of this dimer can be predicted to a degree by comparing the relative energy values for
its neutral dimer, solvent-coordinated, and pentacoordinate forms. These values, and other
properties such as the dihedral angle, HOMO-LUMO gap, MLCT band, and the potential at which
Mn(R-bpy)(CO)3− forms, are affected more by substituents at the 6,6ʹ-positions, relative to those
same substituents at other positions on the ligand. This can lead to significant decreases in the
nucleophilicity, stability, and turnover for CO2 reduction electrocatalysis for these complexes.
Finally, substitution at only one 6-position can lead to both syn and anti dimers, which may allow
for formation of Mn(R-bpy)(CO)3− at less negative potential than could be achieved otherwise.

76

Chapter III. Introduction of Pendant Amines to Mn(R-bpy)(CO)3X
Complexes and their Impact on Electrocatalysis.†

3.0. Introduction

3.0.1. Pendant Amine-functionalized Mn Bipyridine Complexes in CO2-reduction
Catalysis.

As discussed in Chapter 2, the addition of Brønsted acids has been shown to facilitate the
electrochemical reduction of CO2 to CO by Mn(R-bpy)(CO)3Br catalysts, by lowering the large
overpotential requirement for this transformation.15 This is because transfer of one proton to the
M-COO− intermediate and the transfer of a second proton to the M-COOH species to cleave the
C-O bond and generate water are both improved by the greater availability of protons within the
secondary coordination sphere (Figure 11). The use of pendant bases, particularly amines, to
improve this availability by acting as proton relays was discussed in Chapter 1, and will be
expanded upon in this section with regard to Mn(R-bpy)(CO)3Br catalysts specifically.
Bocarsly and coworkers demonstrated that a Mn-bpy complex with a phenolic substituent
(30) was more effective at reducing CO2 than the unfunctionalized complex with an external
phenol source added (Figure 58).65 Over 4 hours at −1.5 V vs SCE in the presence of CO2 and 2.7

†

Synthesis of compounds 38 and 39 and their associated ligands, as well as their analysis by cyclic voltammetry, was
performed by Dr. Veeranna Yempally. Crystal data collection was carried out by Dr. Diane Dickey. All other synthetic
and electrochemical work was performed by Zane Thistleford.
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M H2O, 20 μmol of 30 produced 44.5 μmol of CO, while Mn(bpy)(CO)3Br (3) produced only 18.5
μmol. A complex with a methoxyphenolic substituent (31) was able to participate in hydrogen
bonding but not direct proton transfer, and produced only 13.3 μmol CO. The faradaic efficiency
was similar for all three catalysts, between 75% and 90% on average. The overpotential of 30 was
reported to be 440 mV (based on an initial reduction at −0.86 V vs SCE), similar to that of 3,
indicating the protonation-first pathway for both catalysts, but at a much faster rate for 30 as
evidenced by its higher current enhancement (icat/ip = 119, compared to 2.6 for 3). Computational
models suggested the pendant group enabled lower-energy transition states, allowing catalysis to
proceed via the lower-energy pathway.65,63 Nervi and coworkers demonstrated even greater
turnover under similar conditions for a catalyst with two ortho hydroxyl substituents on the 6-aryl
ring (32), with a TONCO of 28 (compared to 2.3 for 30) (Figure 59).61 The positioning of these
phenolic substituents was found to be crucial, as a catalyst with meta and para hydroxyl
substituents (33) was less effective, with a TONCO of only 7. It was also found that the product
ratio depended on the Brønsted acid used, with 32 producing a CO:HCOO−:H2 ratio of 28:1.4:0.7
with water and a ratio of 11:9:0.8 with 2.7 M 2,2,2-trifluoroethanol (TFE). Rochford and
coworkers demonstrated a similar stabilizing interaction for a methoxyphenolic complex (34),
leading to a TONCO of 5 after 3 hour at −1.63 V vs Fc/Fc+ with 2.1 M TFE.17 These interactions
between the pendant group, M-COOH intermediate, and solvent are not limited to oxygen-based
substituents.
Several Re(R-bpy)(CO)3Cl and Mn(R-bpy)(CO)3Br complexes have been developed
recently with pendant amine substituents (Figure 59). A series of Mn catalysts developed by
Daasbjerg and coworkers have demonstrated CO2 reduction to formate at −2.0 V vs Fc/Fc+ and
2.0 M TFE for catalysts with an amine substituent at an ortho position of the 6-aryl ring (35 and
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36), proposing an enhancement in metal hydride formation followed by CO2 insertion.60 Kubiak
and coworkers used Mn(tpy)(CO)3Br (37), a complex with a 6-pyridyl substituent which
demonstrated turnover through both protonation-first and reduction-first pathways, achieving 3-4
turnovers before losing product selectivity for CO.66 Interestingly, coordination by all three
nitrogen groups occurred and led to the active species [Mn(κ3-N,Nʹ,Nʹʹ-tpy)(CO)2]−. This
coordination of a pendant base to the metal center is a consideration which could affect catalysis
or lead to degradation, particularly for amines. Although O-Mn and N-Re coordination have been
proposed for intermediates in the catalytic cycle, N-Mn coordination can occur in the precatalyst
Mn(R-bpy)(CO)3Br forms.61,60,66,67,68,69

30

31

Figure 58: Effect of local pendant amine on M-COOH intermediate by Mn(6-o-phenol-2,2ʹ-bipyridine)(CO)3Br (30).
A lack of similar activity is seen for the analogous methoxyphenol complex (31). Taken from Agarwal et al. (2015).

In this Chapter, we report the synthesis and characterization of three Mn(R-bpy)(CO)3Br
complexes designed to further probe the effect of the incorporation of pendant amine groups in the
6-position of the R-bpy ligand (Figure 59). Mn(dmabpy)(CO)3Br (38) {dmabpy = (6-(N,Ndimethyl-2-aminophenyl)-2,2'-bipyridyl)} incorporates an N,N-dimethylaminophenyl ring similar
to oxygen-based phenyl substituents like in 30 and 31; Mn(Hzbpy)(CO)3Br (39) {Hzbpy = (6(hydrazino)-2,2'-bipyridyl)} incorporates hydrazine to simultaneously support proton transfer and
stabilize intermediates via hydrogen-bonding; and Mn(Anbpy)(CO)3Br (40) {Anbpy = (6-methyl6’-(ethanyl-2-benzeneamine)-2,2'-bipyridyl)} incorporates an aniline group on a flexible alkyl
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linker. In addition to investigating these complexes for their catalytic activity, we are also
interested in the propensity of their pendant amines to coordinate the Mn center. While Ncoordination led to 7-membered and 5-membered rings in Daasbjerg’s and Kubiak’s complexes
respectively, coordination in 38 would lead to a 6-membered ring, and in 40 would lead to an 8membered ring.60,66 Having two pendant amines with lone pairs, 39 could conceivably form a 4or 5-membered ring, though the latter is more likely due to the steric strain associated with 4membered rings.
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35: R = H
36: R = (o- CH2NEt2)Ph

40

Figure 59: Relevant literature and novel Mn(R-bpy)(CO)3X (X = Br, CH3CN) complexes with pendant bases.
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3.1. Results and Discussion

3.1.1. Synthesis and Characterization of Pendant-functionalized Bipyridine Ligands and
Complexes.

Ligands dmabpy and Hzbpy were synthesized by literature procedures. Their full syntheses
are included here but are not discussed in detail as these are known reactions. Dmabpy is derived
from 6-bromo-2,2ʹ-bipyridine in two steps (Figure 60), but a recent paper describing a similar
product without methyl substitution has accomplished this in one step.70,68 Hzbpy is similarly
derived from 6-bromo-2,2ʹ-bipyridine, using hydrazine monohydrate to generate the hydrazine
moiety (Figure 61).70 The Anbpy ligand is novel but is based on the synthesis of the Clamshell
ligand discussed in Chapter 4, which uses 2,6-lutidine instead of 6,6ʹ-dimethyl-2,2−bipyridine
(Figure 62).45 Using an excess of 2-nitrobenzaldehyde results in near-exclusive production of the
di-substituted product when using 2,6-lutidine, but the same reaction conditions for 6,6ʹ-dimethyl2,2−bipyridine results in both mono- and di-substituted products.

38

38-OTf

Figure 60: Synthetic route of Mn(dmabpy)(CO)3X (X = Br, OTf) (38 and 38-OTf).
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39

39-OTf

Figure 61: Synthetic route of Mn(Hzbpy)(CO)3X (X = Br, OTf) (39 and 39-OTf).

40

40-OTf

Figure 62: Synthetic route of Mn(Anbpy)(CO)3X (X = Br, OTf) (40 and 40-OTf).

As described in the previous chapter, complexation with manganese is done in inert and
light-free conditions due to the lability of the Mn-Br bond. Triflate substitution can be done on the
complex (in the case of dmabpy and Hzbpy) or on the precursor Mn(CO)5Br salt prior to
complexation (in the case of Anbpy). IR spectroscopy confirmed the presence of νCO stretching
peaks in the fac geometry consistent with most reported Mn R-bpy complexes, with one peak
above 2000 cm−1 and two peaks below 2000 cm−1, which can appear as a single broad peak
(Figures 63-68). This peak-broadening behavior is attributed to the acquisition of spectra in the
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solid state, which can lead to packing effects and intermolecular interactions, rather than a change
in symmetry of the parent complex.
Crystals of 38 were grown in THF, while crystals grown in DCM/diethyl ether
demonstrated complete loss of CO to produce a κ3-coordinated Mn(dmabpy)ClBr complex 38MnClBr, with oxidation of the metal attributed to the presence of O2 and loss of CO possibly due
to light exposure (Figure 69). Following the discovery of this structure, MnCl2 was complexed
with the ligand directly, leading to the analogous Mn(dmabpy)Cl2 complex 38-MnCl2. IR
spectroscopy confirmed the lack of νCO stretching peaks (Figure 70). Crystals of 39 grown in
acetone resulted in a condensation reaction to form the analogous hydrazone 39-CMe2 (Figure
71), which was confirmed by X-ray crystallography. No crystals were grown of 40.

Figure 63: FTIR of 38.
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Figure 64: FTIR of 38-OTf.

Figure 65: FTIR of 39.
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Figure 66: FTIR of 39-OTf.

Figure 67: FTIR of 40.
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Figure 68: FTIR of 40-OTf.

38

38-MnClBr

Figure 69: Formation of 38-MnBrCl during crystallization of 38.
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Figure 70: FTIR of 38-MnCl2.

39

39-CMe2

Figure 71: Formation of 39-CMe2 during recrystallization of 39 in acetone.

3.1.2. Analysis of Crystal Structures.

Despite the steric influence of a substituent at the 6-position, 38 remains primarily
octahedral, with bond angles through Mn all within 5° of right angles (Figure 72). The Mn-N2
bond (on the more substituted side) is slightly longer (2.09 Å) than the Mn-N1 bond (2.05 Å),
consistent with other unsymmetrical Mn complexes.65,59 The torsion angle between the bipyridine
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plane and the aryl substituent (N2-C13-C14-C19) is 50.8°, compared to 69.8° for a Re complex
with a 6-o-aniline substituent.68 For 30, the torsion angle is 64.5°, greater than it is for when phenol
is present at the 4- and 5-positions (24.3° and 43.3° respectively), which is attributed to steric
repulsion against the metal center.65,62 It is unclear why the greater steric influence of NMe2 would
result in a smaller torsion angle for 38 than for the 6-phenol complex, though it may be to limit the
effect of sterics on other molecules in the unit cell, as this sample forms a monoclinic crystal
system.

Figure 72: X-ray structure of 38. Hydrogen atoms omitted for clarity.

38-MnCl2 and 38-MnClBr are nearly identical with the exception of a longer Mn-Br bond
length (2.48 Å) than Mn-Cl (2.34 Å), with all bond angles within 1° of each other (Figure 73). All
further analysis is made with regards to 38-MnCl2. The torsion angle is 46.6°, smaller than in 38
due to the bonding of the NMe2 group to Mn. In 38, the bond angles of the NMe2 group reflect
delocalization of the lone pair into the ring (C19-N3-C20: 116.2°; C19-N3-C21: 116.7°; C20-N3C21: 111.6°), whereas the bond angles for 38-MnCl2 are smaller, reflecting greater tetrahedral
character (C16-N3-C18: 113.4°; C16-N3-C17: 111.2°; C18-N3-C17: 108.0°; C16-N3-Mn1:
109.6°; C18-N3-Mn1: 102.8°; C17-N3-Mn1: 111.6°), with the lone pair forming a bond with Mn
which is longer than the bond with the other nitrogen atoms (Mn-N1: 2.21 Å; Mn-N2: 2.24 Å; Mn88

N3: 2.33 Å) and closer in length to the Mn-Cl bonds (Mn-Cl1: 2.34 Å; Mn-Cl2: 2.39 Å). The
overall metal geometry is distorted trigonal bipyramidal, with N2 and the halides in the equatorial
position (N2-Mn-Cl1: 118.6°; N2-Mn-Cl2: 122.6°; Cl1-Mn-Cl2: 118.7°). However, the N1-MnN3 angle is only 154.1° rather than 180°. This is similar to 158.2° for the same angle in Kubiak’s
Mn(κ3-tpy)(CO)2−, but the carbonyl ligands in that complex were 90.0° from each other, while the
largest N-Mn-C bond was 142.9°, with significant square pyramidal character (Figure 74).66 While
the charge of the complex may have an effect, the distinct geometry of Mn(κ3-tpy)(CO)2− reflects
the importance of the size of the ring formed upon N-Mn coordination.
A better comparison to 38-MnCl2 may be Zn(κ3-dmabpy)Cl2 and its noncoordinating
phenolic analogue investigated by Liu et al. (Figure 74).70 The geometry of Zn(dmabpy)Cl2 is also
distorted trigonal bipyramidal with “axial” nitrogen atoms giving a N1-Zn-N3 angle of 157.9°,
while the equatorial groups are within 2° of the ideal 120°. Despite a much larger metal center,
Hg(κ3-dmabpy)Cl2 largely maintains this geometry, though its smallest equatorial angle is 113.2°,
and the axial N1-Hg-N3 angle is 140.1°. Interestingly, we do not see N3-Re coordination in a
Re(6-o-aniline-2,2ʹ-bipyridine)(CO)3Cl complex, indicating that the larger size of the metal does
not seem to be the critical factor (Figure 74).68 Rather, the half-filled d-orbitals of the high-spin
Mn(II) complex, like the full d-orbitals of Zn(II) and Hg(II), likely accommodate the distortion
caused by N-coordination better than those of low-spin Re(I).
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Figure 73: X-ray crystal structures of 38-MnCl2 and 38-Mn-ClBr. Hydrogens omitted for clarity.

Figure 74: X-ray crystal structures of A) Mn(κ3-tpy)(CO)2−; B) Re(dmabpy)(CO)3Cl; C) Zn(κ3-dmabpy)Cl2; and D)
Hg(κ3-dmabpy)Cl2. Hydrogen atoms omitted for clarity. Taken from Machan et al. (2016), Talukdar et al. (2020), and
Liu et al. (2006).
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39-CMe2 appeared to demonstrate hydrogen-bonding between N3-H and the bromine
ligand, with a bond length of 2.76 Å and an N3-H-Br bond angle of 151.9° (Figure 75). Because
the hydrogen atoms are calculated rather than measured via X-ray crystal diffraction, this
interaction cannot be confirmed. The pendant nitrogen atoms are primarily sp2, based on the N3N4 bond length (1.39 Å), the C13-N3-N4 bond angle (117.1°), and the C13-N3-N4-C14 torsion
angle (17.1°). In comparison, Marinescu’s Re(6-N-methylamino-2,2ʹ-bipyridine)(CO)3Cl complex
suggests no H-bonding between Cl and the pendant N-H, although it is unclear if this is solely due
to the difference in M-X identity (Figure 76).69 The C13-N3-C14 bond angle is 124.2°, suggesting
further delocalization of the nitrogen lone pair. They report that H-bonding occurs during catalysis,
so it is possible that 39 or 39-CMe2 could benefit from the position of the N-H group, though it is
not clear how the structural differences would affect this.

Figure 75: X-ray crystal structure of 39-CMe2.
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Figure 76: Structure and X-ray crystal structure of Re(6-N-methylamino-2,2ʹ-bipyridine)(CO)3Cl. Taken from
Hellman et al. (2019).

Putting these findings into the context of the literature, we can make a few conclusions
about the propensity for N-coordination to occur in the solid state. First, it is clear that Mn is more
easily coordinated by a pendant amine than Re is. This is also true for hydrogen bonding effects,
based on our comparison of 39-CMe2 to Marinescu’s complex, though this may be the result of
the Mn-Br bond length being longer than that of Re-Cl. Secondly, 5- and 6-membered rings formed
by N-coordination are more favored than other rings, with 4-membered rings occurring only during
catalysis and a 7-membered ring only seen in one complex.60 We observe N-coordination by the
Mn(dmabpy)X2 complexes in the solid state, while we do not see it for 38 or 39-CMe2. If Ncoordination by 39 or 39-CMe2 is possible, it is expected to result in a 5-membered ring via
coordination by the distal nitrogen based on calculated energy values for each possible orientation
of 39 (Figure 77). Compared to no coordination, this binding mode is only 9.47 kcal/mol less
stable, compared to 19.12 kcal/mol for binding by the proximal nitrogen (Table 5). Interestingly,
the preferred equatorial binding mode coincides with loss of Br, leading to a mer geometry for the
remaining CO ligands, with axial coordination 20.32 kcal/mol less stable than the parent complex.
These values assume Mn(I) and are expected to change during electrochemistry, resulting in
coordination for an intermediate even if it does not occur in the solid state. Although no crystal
was isolated for 3, we hypothesize that N-coordination does not occur for this species based on the
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electrochemical evidence in the following sections, as well as calculations showing the coordinated
complex to be 13.65 kcal/mol less stable than the uncoordinated complex.

Figure 77: Spartan models of 39 in different coordination states, with H3O+ added. A) Uncoordinated; B) N3-Mn
coordination; C) N4-Mn equatorial coordination with CO loss; D) N4-Mn equatorial coordination with Br loss; E):
N4-Mn axial coordination with Br loss.
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Table 5: Comparison of ground state energy of 38-40 in different coordination states. Calculations are carried out
using density functional theory (DFT) as implemented in Parallel Suite ’18. Calculations are optimized at the B3LYP
functional level using the 6-31+G* basis set, ground state, polar solvent, Mn(I) state.
Complex

Coordination State

Energy vs. Uncoordinated State
(kcal/mol)

38

Uncoordinated

0

38

N-Mn coordination; Br loss

15.32

38

N-Mn coordination; CO loss

32.20

39

Uncoordinated

0

39

N3-Mn coordination; Br loss

19.12

39

N4-Mn axial coordination; Br loss

20.32

39

N4-Mn equatorial coordination; Br loss

9.47

39

N4-Mn equatorial coordination; CO loss

26.95

40

Uncoordinated

0

40

N-Mn coordination; Br loss

13.65

40

N-Mn coordination; CO loss

38.96

3.1.3. Redox Behavior of Novel Complexes under Non-catalytic Conditions

Cyclic voltammetry was performed on solutions of 1 mM analyte with 0.1 M [Bu4N][PF6]
supporting electrolyte in 3 Å molecular sieve-dried acetonitrile using a 3 mm glassy carbon
working electrode, a Pt wire counter electrode, and a 0.1 M AgNO3 solution with silver wire
pseudo-reference electrode with Fc added as an internal reference, under a constant flow of N2.
Electrochemical cells were wrapped in aluminum foil prior to use to avoid photodecomposition.
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Bromide complexes were investigated via cyclic voltammetry under N2 at a variety of scan
rates to determine redox activity under non-catalytic conditions. Cyclic voltammetry of 38 at 100
mV/s demonstrates reduction to Mn(dmabpy)(CO)3− at −1.69 V vs. Fc/Fc+, with only a slight bump
at −1.57 V to suggest dimer formation, suggesting that a non-dimer-forming pathway is also
possible at lower scan rates (Figure 78). At higher scan rates, however, this potential demonstrates
a clear dimer-forming peak, with the anion-forming potential shifting to −1.74 V, followed by a
new peak at −1.90 V. This behavior is consistent with cleavage of syn- and anti- Mn0-Mn0 dimers
found in unsymmetrical Mn bipyridine complexes, as discussed in Chapter 2. The appearance of
two dimer-cleaving oxidation peaks at −0.81 V and −0.62 V at higher scan rates further supports
this mechanism.

Figure 78: Cyclic voltammetry of 38 under N2 in dry CH3CN with 0.1M [Bu4N][PF6] supporting electrolyte, at
varying scan rates.

To predict which species would be formed during CV, the energy of the dimer, acetonitrilebound, pentacoordinate, and N-coordinated neutral species were calculated (Table 6). The
calculated difference in energy between syn and anti dimers for 38 is only 0.7 kcal/mol, with the
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syn dimer lower in energy, suggesting that hydrogen-bonding has a stabilizing effect. This small
difference conflicts with the significant difference in potential between the two peaks in each pair,
prompting the search for alternative explanations. One possibility is that the energy difference is
greater between these dimers during CV because they do not actually reach their ground state
energy due to their steric bulk. Alternatively, these peaks may be explained by N-coordination by
one-half of the cleaved dimer, which is then reduced or oxidized at more extreme potentials to the
pentacoordinate charged species. Finally, it is possible that in addition to a Mn-Mn dimer, another
dimer may form exclusively through hydrogen-bonding interactions, as seen in a Re complex with
amide substituents (Figure 79).71 The exact explanation for the redox behavior seen in Figure 78
is unclear, but none of these possibilities is likely to significantly affect catalysis.

Table 6: Comparison of ground state energy of 38-40 in different coordination states. Calculations are carried out
using density functional theory (DFT) as implemented in Parallel Suite ’18. Calculations are optimized at the B3LYP
functional level using the 6-31+G* basis set, ground state, polar solvent, Mn(0) state.
Pentacoordinate
Complex [Mn(L)(CO)3]

Dimer (anti)
0

(kcal/mol)

Dimer (syn)

CH3CN-Coordinated

N-Coordinated

(kcal/mol)

(kcal/mol)

(kcal/mol)

38 (L = dmabpy)

−2.30

−2.64

−3.13

−0.40

39 (L = Hzbpy)

−1.46

−5.97

0.60

6.69

40 (L = Anbpy)

7.41

8.23

−3.78

−2.80
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Figure 79: Calculated structure and experimental CV of Re(R-bpy)(CO)3Cl with 4,4ʹ-bis(methylacetamidomethyl)
substituents. CV performed with glassy carbon working electrode, Ag/AgCl pseudo-reference electrode, Pt wire
counter electrode, 0.1 M [Bu4N][PF6] in CH3CN, 10 mM analyte, 100 mV/s. Taken from Machan et al. (2014).

CV of 39 shows reduction to Mn(Hzbpy)(CO)3− at −1.63V, with a more prominent second
anion-forming peak (at −1.75 V) than 38, possibly due to a more even mix of syn and anti dimers,
which may form more readily due to lesser steric bulk rather than differences in stability between
dimers (Figure 80). The hydrogen-bonding capabilities of the hydrazine moiety likely contribute
to the stability of the syn dimer, as it is 9.0 kcal/mol more stable than the anti dimer. However, as
with 38, the formation of a dimer exclusively via Hydrogen-bonding is also possible. A cathodic
dimer-forming peak is not seen directly during reduction regardless of scan rate, but oxidation
peaks at −1.54 V and −0.78 V are consistent with anodic dimer formation and cleavage. As with
24, dimer formation is more easily achieved during the anodic wave because of the increased
planarity of the anionic pentacoordinate complex due to delocalization of the single electron. The
oxidation peaks at −0.78 V and −0.35 V are too separate to be caused by syn/anti isomerism, which
typically occur within 200 mV of each other and during the cathodic wave. Therefore, the final
peak at −0.35 V is assigned to oxidation of [Mn(Hzbpy)(CO)3]+ to [Mn(Hzbpy)(CO)3]2+. While
this oxidation does not usually occur for Mn(R-bpy)(CO)3Br complexes at a potential below 0 V
vs Fc/Fc+, the delocalization of the hydrazine group’s lone pair allows this to occur more readily;
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the HOMO of [Mn(6-Mebpy)(CO)3]+ is primarily localized on the metal, while the HOMO of
[Mn(Hzbpy)(CO)3]+ has a major ligand component (Figure 81).

Figure 80: Cyclic voltammetry of 39 under N2 in dry CH3CN with 0.1M [Bu4N][PF6] supporting electrolyte, at
varying scan rates.

Figure 81: Surfaces of HOMO for Mn(6-Mebpy)(CO)3+ (left) and Mn(Hzbpy)(CO)3+ (isovalues = 0.03).

The final reduction peaks at −1.94 V and −2.04 V cannot be explained by dimer isomerism,
and unlike the peak at −1.90 V in 38, these peaks persist regardless of scan rate. One of these peaks
is direct reduction of the metal to form the dianionic Mn−1(Hzbpy−1)(CO)3, which could be quasi-
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reversible if the scan rate is high enough to oxidize it prior to degradation. The other peak may
involve reduction at the hydrazine moiety, resulting in the loss of a proton and delocalization of
the charge into the ligand, resulting in a dianion at a different potential.
CV of 40 shows dimer and anion formation at a scan rates of 200 mV/s and above at −1.47
V and −1.64 V, with only the anion-forming peak clearly visible at scan rates of 100 mV/s and
below (Figure 82). The peak typically attributed to dimer formation appears at −1.56 V, with a
possible cleavage peak at −0.60 V seen at 1000 mV/s. Unlike in 38 and 39, there is no evidence of
other dimers due to syn/anti isomerism or H-bonding. The peak at −1.38 V persists regardless of
scan rate, and is attributed to the oxidation of the anion to [Mn(Anbpy)(CO)3]0, similar to the
behavior seen in 24. All of these peaks persist in the CV of 40-OTf, with a clearer reduction peak
at −2.12 V (Figure 83).

Figure 82: Cyclic voltammetry of 40 under N2 in dry CH3CN with 0.1M [Bu4N][PF6] supporting electrolyte, at
varying scan rates.
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Figure 83: Cyclic voltammetry of 40-OTf under N2 in dry CH3CN with 0.1M [Bu4N][PF6] supporting electrolyte, at
varying scan rates.

Given that the only difference between these voltammograms is the relative amplitude of
the first reduction, and that the only difference in structure is the identity of the X ligand (which is
separated at the first reduction), it seems likely that no dimer formation actually occurs for these
complexes.

This

[Mn(Anbpy)(CO)3]0

makes
is

7.4

sense

considering

kcal/mol

more

the
stable

pentacoordinate
than

the

neutral

neutral

dimer

monomer
species

[Mn(Anbpy)(CO)3]20, likely due to the steric hindrance of the pendant group. Therefore, the
oxidation peaks at −1.56 V and −1.38 V represent oxidation to [Mn(Anbpy)(CO)3]0 and
[Mn(Anbpy)(CO)3]+ respectively, with the cationic species stabilized by an interaction with the
pendant aniline. CV of 40 in THF supports this hypothesis, as no oxidation event occurs until −0.3
V, whereas the potential at which [Mn(Anbpy)(CO)3]− is oxidized to the dimer species should not
be significantly affected by the solvent (Figure 84).
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Figure 84: Cyclic voltammetry of 40 under N2 in dry THF with 0.1M [Bu4N][PF6] supporting electrolyte, at varying
scan rates.

3.1.4. Catalytic CO2 Reduction by Mn Bipyridine Catalysts with Pendant Amines.

Cyclic voltammetry was performed on solutions of 1 mM analyte with 0.1 M [Bu4N][PF6]
supporting electrolyte in 3 Å molecular sieve-dried acetonitrile using a 3 mm glassy carbon
working electrode, a Pt wire counter electrode, and a 0.1 M AgNO3 solution with silver wire
pseudo-reference electrode with Fc added as an internal reference, under a constant flow of CO2
and with the addition of a Brønsted acid. Water, methanol, and 2,2,2-trifluoroethanol (TFE) were
used as acids in varying concentrations to determine the most effective conditions. For all
complexes under CO2, approximately 0.3 M TFE resulted in the greatest current enhancement,
with higher concentrations having little additional effect. In the absence of Brønsted acid, there is
little observable increase in current under CO2 relative to N2, though the peaks around −1.6 V shift
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slightly cathodic under CO2 for 39 and 40, suggesting a possible competitive interaction with the
NH2 substituents of those complexes.
For all complexes, when a Brønsted acid is added, the first reduction wave becomes
irreversible and is anodically shifted, indicating a more facile electron transfer (Figures 85-87).
However, this enhancement is primarily limited to the peaks near −2.2 V, consistent with a
reduction-first catalytic pathway. We report the following icat/ip values for the CO2 + 0.33 M TFE
condition: 38−1.65V = 1.11; 38−2.17V = 14.96; 39−1.93V = 3.30; 39−2.14V = 8.82; 40−1.61V = 1.60; 40−2.15V
= 14.73. The modest enhancement at protonation-first potentials is surprising given the goal of this
project to enable this pathway via pendant base stabilization, to accelerate the rate-limiting step by
protonating the Mn-COO− intermediate. It is possible that the pendant amines are facilitating
catalysis in some way, but a full investigation of the mechanism of these pathways via transitionstate calculations and spectroelectrochemistry is beyond the scope of this project. However, we
can conclude that we have not seen evidence of enhancing the protonation-first pathway via a
proton relay.

102

Figure 85: Cyclic voltammograms of 1mM 38 and 0.33M TFE in CH3CN under CO2.

The two reduction peaks in 39 at −2.04 V and −1.94 V had been attributed to formation of
a dianion by reduction of bipyridine or hydrazine moieties. CV under catalytic conditions supports
this explanation, as both potentials demonstrated significant current enhancement in a manner
unique to this complex, indicating rapid CO2 binding in the presence of Brønsted acid, as well as
some CO2 binding without a Brønsted acid. The exact mechanism of this interaction is unknown.
It is possible that a carbamate species is formed by the hydrazine moiety without direct interaction
between CO2 and the metal center.
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Figure 86: Cyclic voltammograms of 1mM 39 and 0.33M TFE in CH3CN under CO2.

Figure 87: Cyclic voltammograms of 1mM 40 and 0.33M TFE in CH3CN under CO2.

To determine the catalytic activity of these complexes at their reduction-first potentials,
Controlled Potential Electrolysis (CPE) of 38, 39, and 40 (1 mM in 1M [Bu4N][PF6] with 0.33 M
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TFE) was performed at around −2.2 V under a CO2 atmosphere in a sealed custom three-neck
round- bottomed flask. Headspace analysis was performed every half hour for four hours to
determine the turnover of CO and H2, and compared with total charge passed by the electrode to
calculate faradaic efficiency (FE), assuming two electrons are required for either product to form
from CO2. The TON and % FE for these trials at 1 h and 4 h is summarized in Table 7.
Both 38 and 40 suffered from significant degradation, as evidenced by discoloration of
solution and a plateauing of CO production over time. 39, despite its lower turnover, did not
demonstrate significant degradation, and so CPE was not performed on 39-OTf. Repeating CPE
on triflate-substituted 38-OTf demonstrated the same plateauing of CO after 1 hour, despite no
solution discoloration. Furthermore, FECO for most species exceeds 100%, particularly 38-OTf.
This behavior could be due to coordination of the pendant nitrogen to the metal center, displacing
CO and preventing further catalysis, consistent with Kubiak’s Mn(tpy)(CO)3Br (37), which
reported 129% FECO following CPE at −2.2 V vs Fc/Fc+.66 A stoichiometric loss of 1 CO ligand
reduces FE to below 100%, with the potential loss of up to three CO ligands for 38 and 38-OTf
based on the loss of these ligands during crystallization. As such, these experiments should be
repeated under N2 and under 13CO2 in order to determine the actual turnover of these catalysts.
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Table 7: Summary of CPE on 38-40 and 38-OTf-40-OTf.
Complex

Concentration

Potential

Product

1h TON

1h %FE

4h TON

4h %FE

vs. Fc/Fc+

38

1.0 mM

−2.16 V

CO

2.00

139.2

1.96

48.9

38-OTf

1.0 mM

−2.13 V

CO

1.87

223.5

1.70

87.2

39

1.3 mM

−2.17 V

CO

0.33

142.4

1.13

75.6

40

1.2 mM

−2.16 V

CO

0.63

142.3

0.65

29.9

40-OTf

1.1 mM

−2.24 V

CO

1.03

16.0

1.19

5.7

40-OTf

1.1 mM

−2.24 V

H2

8.3

117.2

14.9

64.7

CPE of 40-OTf did not show visual evidence of significant degradation. Not only did 40OTf generate H2 in addition to CO, it continued to do so after CO production plateaued, prompting
a continuation of CPE for a total of 22 hours, leading to overall TONCO = 2.03 and TONH2 = 18.5.
Purging the system with fresh CO2 and repeating CPE for 2 hours resulted in new CO generation
(TON = 0.4, FE = 23%) as well as H2 generation (TON = 1.2, FE = 74%) at a higher rate than
before purging. Although H2 production is clearly favored for 40-OTf, its relatively low CO
production does not appear to be due to degradation or irreversible N-coordination. It is not clear
why reintroducing fresh CO2 led to greater H2 production; it may have assisted catalysis by
decreasing the pH of the solvent, as more TFE is required under N2 to achieve the same current
enhancement.72,73 Although the % FE for H2 is above 100% after one hour for 40-OTf, this is
believed to be due to errors during measurement, and this trial should be repeated. CV and CPE of
40-OTf were performed under N2 to see if CO2 was necessary for H2 production. Although CPE
was terminated after 1 hour at −2.15 V with 0.33 M TFE, a TONH2 of 2.04 was determined.
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To understand the mechanism of CO2 reduction, and to explain the relatively low TON of
38 and 39 compared to Mn(bpy)(CO)3Br (3), the behavior of these complexes was compared to
literature complexes with pendant bases. Phenolic substituents can lead to current enhancement
and catalytic activity even in the absence of a proton source, and coordination of a phenoxide
substituent to the metal center was proposed as part of the electrochemical mechanism for 32 which
does not require CO2 or a Brønsted acid to proceed.59,61 Enhancement under CO2 in dry solvent is
only seen in 39 between −2.0 V and −2.2 V (Figure 86). A potential mechanism is shown in Figure
88, and could explain the current enhancement of 39 under dry CO2. However, the appearance of
the peak at −2.04 V under N2 suggests that reduction of the hydrazine would not happen until after
Mn(−I) is formed, precluding N-Mn coordination. However, such coordination could occur after
oxidation of this species; under CO2 the reduction of the dimer to the anionic species is irreversible
for both 38 and 39, indicating a chemical change.61

Figure 88: Possible mechanism for reduction of hydrazine group in 39, leading to current enhancement under CO2.
Possible interactions with H+ for H2 generation not shown.

Current enhancement without coordination was seen for 34, with the methoxyphenolic
substituents acting as bases to stabilize the CO2-bound intermediates; such behavior may be seen
107

in 38 based on its current enhancement at the reduction-first potential.17 However, a comparison
of 6-phenolic and 6-methoxyphenolic complexes 30 and 31, as well as analogues substituted at the
4- and 5-positions, demonstrates that proton relay capabilities (seen only in 30) are evident by
current enhancement at the protonation-first potential as well, at least with water as the Brønsted
acid.62 This behavior is not seen in 38, so it is unlikely that the dimethylamino group is acting as
a proton relay. The Re(6-(2-amino)phenyl-2,2ʹ-bipyridine)(CO)3Cl catalyst 41 described by Jurss
and coworkers demonstrated N-Re coordination during catalysis, resulting in accelerated
deactivation when the amine is located at the ortho position of the substituent ring (Figure 89).68
This, combined with the crystal structure of 38-MnCl2, strongly suggests that N-coordination
during catalytic activity is possible for 38. This may explain the deactivation of the catalyst after
1 hour, even for 38-OTf which did not display fouling of the solution.

41
Figure 89: Re(6-(2-amino)phenyl-2,2ʹ-bipyridine)(CO)3Cl.

While the coordination of the pendant amine group to the metal center of 38 and 39 is
plausible based on the crystallographic and electrochemical evidence, there is no evidence that Ncoordination occurs for 40. The appearance of an oxidation peak attributed to oxidation of
[Mn(Anbpy)(CO)3]− to [Mn(Anbpy)(CO)3]0 suggests that N-coordination is not more favorable
than a vacant coordination site. Furthermore, the continued H2 evolution activity of 40-OTf after
24 hours points to the robustness of the pendant amine to act as a proton relay. We hypothesize
that 40 does not demonstrate N-Mn coordination because this would form an 8-membered ring,
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which are typically disfavored due to increased ring strain relative to 5-, 6-, or 7-membered rings.
Steric strain could also play a role; in a series of Mn(NNS)(CO)nBr complexes by Rose and
coworkers, coordination of the sulfur to Mn depended on the steric environment of the rest of the
complex, particularly the position of a methyl group on the backbone diimine or at the 6-position
(Figure 90).74 Although sulfur is less basic than nitrogen, this steric-dependent coordination clearly
demonstrates that non-electronic effects can affect the formation of a ring in a Mn complex with a
pendant base.

Figure 90: Mn(NNS)(CO)nBr complexes. Taken from Lumsden et al. (2014).

3.3. Experimental

Manganese complexes were synthesized in dark under N2 atmosphere. Ligands Dmabpy70
and Hzbpy75 were synthesized following literature procedures. X-ray crystal structures were solved
and refined using the Bruker SHELXTL Software Package within OLEX2 by Diane Dickey.76
Mn(R-bpy)(CO)3(OTf) complexes consistently degraded before elemental analysis could be
performed by an external agency.

3.3.1. Synthetic Procedures
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6-bromo-2,2ʹ-bipyridine, 6,6ʹ-dimethyl-2,2ʹ-bipyridine, bromomanganese pentacarbonyl,
silver(I) trifluromethanesulfonate, and trimethylsilyl trifluoromethanesulfonate were purchased
commercially and used without purification. Manganese pentacarbonyl trifluoromethanesulfonate
and ligands dmabpy and Hzbpy were synthesized according to literature procedures.70,75

Figure 91: Synthesis of 6-[2-(2-nitrophenyl)ethenyl]-6ʹ-methyl-2,2ʹ-bipyridine.

6-[2-(2-nitrophenyl)ethenyl]-6ʹ-methyl-2,2ʹ-bipyridine.45
6,6ʹ-dimethyl-2,2ʹ-bipyridyl (1.0035 g, 5.4467 mmol, 1 eq) and 2-nitrobenzaldehyde
(2.7170g, 17.979 mmol, 3.3 eq) were suspended in acetic anhydride (5.1mL, 10 eq) and refluxed
under nitrogen for 18 hours. The reaction was followed by TLC (20% ethyl acetate in hexanes).
The reaction mixture was cooled to r.t., quenched with 10% NaOH solution, and extracted with
brine and DCM. The organic fraction was dried, concentrated, and purified via flash column (20%
EtOAc/Hexanes) to give the mono-substituted product (1.03 g, 60% yield).
This reaction only produced the mono-substituted product. However, on the first attempt,
both mono- (Rf = 0.4) and di-substituted (Rf = 0.8) products were formed and isolated in 42% and
59% yields respectively. The most relevant differences were a larger amount of acetic anhydride
(30 equivalents instead of 10) and a longer reaction time (22 hours instead of 18) and a smaller
scale overall (0.5 g instead of 1.0 g).
Monosubstituted 1H NMR: (500 MHz, CDCl3, ): 8.38 (d, 1H, J = 7.7 Hz), 8.35 (d, 1H, J
= 7.8 Hz), 8.21 (d, 1H, J = 7.8 Hz), 7.96 (dd, 1H, J = 8.2, 1.0 Hz), 7.79 (q, 2H, J = 7.7 Hz), 7.71
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(t, 1H, J = 7.8 Hz), 7.59 (t, 1H, J = 7.5 Hz), 7.41 (m, 2H), 7.21 (d, 1H, J = 15.9 Hz), 7.17 (d, 1H,
7.5 Hz), 2.66 (s, 3H).
Disubstituted 1H NMR: (500 MHz, CDCl3, ): 8.52 (dd, 1H, J = 7.9, 0.9 Hz), 8.27 (d, 1H,
J = 15.8 Hz), 8.04 (d, 1H, J = 8.2, 1.2 Hz), 7.80 (t, 2H, J = 7.8 Hz), 7.68 (m, 2H), 7.48 (m, 3H),
7.24 (m, 2H). ESI-MS: 340 [M+Na]+, 439 [Disubstituted-O]+, 454 [Disubstituted]+, 547.

Figure 92: Synthesis of Anbpy.

Anbpy, 6-[2-(2-aminobenzyl)ethyl]-6ʹ-methyl-2,2ʹ-bipyridine.45
6-[2-(2-nitrophenyl)ethenyl]-6ʹ-methyl-2,2ʹ-bipyridine (1.204 g, 3.79 mmol) was dissolved
in 100 mL THF in a 250 mL round-bottomed flask. 10% palladium on carbon (0.24 g, 0.23 mmol,
0.06 eq) was suspended in the solution and the flask was evacuated of oxygen and backfilled with
nitrogen, then evacuated again and backfilled with hydrogen from a balloon. A hydrogen balloon
was affixed to the flask via syringe through a septum, and the mixture was stirred for two days.
The product was filtered through a Celite plug to remove Pd/C and the filtrate was concentrated.
TLC (50% EtOAc/Hexanes + 2% triethylamine) and a ninhydrin stain confirmed the presence of
a primary amine and disappearance of starting material. Concentration yielded a hygroscopic
yellow powder (1.033 g, 94%).
This reaction was also performed on the disubstituted product from the previous step,
however the NMR was inconclusive, with peaks appearing in the 5.8-5.6 ppm range and other
peaks hidden behind residual solvent.
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1

H NMR: (500 MHz, CDCl3, ): 8.24 (d, 2H, J = 7.8 Hz), 7.69 (m, 2H), 7.17, (d, 1H, J =

7.9 Hz), 7.09 (d, 2H, J = 7.6 Hz), 7.03 (td, 1H, J = 7.7, 1.3 Hz), 6.72 (td, 1H, J = 7.4, 1.2 Hz), 6.66
(dd, 1H, J = 7.8, 1.1 Hz), 3.16 (m, 2H), 3.06 (m, 2H), 2.64 (s, 3H). 13C NMR: (101 MHz, CDCl3,
):160.69, 157.94, 155.98, 155.83, 144.44, 137.23, 137.11, 129.63, 127.13, 126.29, 123.21,
122.95, 118.79, 118.62, 118.26, 115.67, 107.89, 37.78, 29.19, 23.94. ESI-MS: 184 [MCH2CH2PhNH2]+, 205 [disubstituted+H]2+, 289 [M]+, 308 [M+H2O+H]+, 446 [pump oil
contamination].

Figure 93: Complexation to make 38-40.

38,

Mn(dmabpy)(CO)3Br,

Bromomanganese

2-[2,2'-bipyridin]-6-yl-N,N-dimethyl-

benzenamine tricarbonyl.
To a degassed solution of Dmabpy (200 mg, 0.72 mmol) in diethyl ether (20 mL) was
added Mn(CO)5Br (250 mg, 0.90 mmol) with stirring at r.t. The reaction mixture was refluxed at
36 ºC for 5 h affording a dark orange suspension. The orange precipitate was collected on glass
frit by vacuum filtration and washed with diethyl ether to yield orange powder (159 mg, 45%). XRay quality crystals were grown by vapor diffusion of hexane into a concentrated THF solution of
1. 1H NMR (400 MHz, DMSO-d6): δ 9.17 (d, 1H, J = 4.4 Hz), 8.64 (d, 1H, J = 8.5 Hz), 8.59 (d,
1H, J = 7.8 Hz), 8.21 (t, 1H, J = 8.0 Hz), 8.16 (t, 1H, J = 8.0 Hz), 7.73 (d, 1H, J = 7.4 Hz), 7.68 (t,
1H, J = 6.6 Hz), 7.43 (t, 1H, J = 7.6 Hz), 7.33 (d, 1H, J = 7.2 Hz), 7.13 (d, 1H, J = 8.1 Hz), 7.04
(t, 1H, J = 7.6 Hz), 2.70 (s, 5H).

C NMR (101 MHz, DMSO-d6): δ 164.63, 157.71, 157.08,
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153.32, 151.25, 139.56, 138.81, 132.83, 132.72, 131.45, 128.12, 126.41, 124.03, 122.07, 120.34,
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118.60, 44.55, 43.66. FTIR (ATR) νCO: 2023, 1935, 1894 cm−1. UV−vis (λmax, nm; CH3CN): 295.
ESI-MS: 494 [M]+, 496 [M+2H]+. 1-MnCl2: FTIR (ATR) νCO: 1562, 1392, 1366, 1355 cm−1.

38-MnCl2,

Mn(dmabpy)Cl2,

Manganese

2-[2,2'-bipyridin]-6-yl-N,N-dimethyl-

benzenamine dichloride.
MnCl2∙4H2O and dmabpy were dissolved in ethanol and refluxed for 4 hours and filtered
to give a pale yellow solid (21%). Crystals were grown in DCM. ESI-MS: 195 [MnCl2∙4H2O-2H]+,
276 [ligand+H]+, 332 [M-2Cl+H]+.

39, Mn(Hzbpy)(CO)3Br, Bromomanganese 6-hydrazino-2,2ʹ-bipyridine tricarbonyl.
To a degassed solution of Hzbpy (125 mg, 0.67 mmol) in diethyl ether (15 mL) was added
Mn(CO)5Br (210 mg, 0.76 mmol) with stirring at r.t. The reaction mixture was refluxed at 36°C
for 5 h affording a yellow suspension. The yellow precipitate was collected on glass frit through
vacuum filtration and washed with diethyl ether to yield yellow powder (250 mg, 92%). 1H NMR:
(400 MHz, d6-DMSO, ): 9.22 (d, 1H, J = 5.4 Hz), 8.21 (d, 1H, J = 7.9 Hz), 8.05 (td, 1H, J = 8.0,
1.5 Hz), 7.85 (t, 1H, J = 8.1 Hz), 7.65 (dd, 1H, J = 7.5, 0.9 Hz), 7.55 (td, 1H, J = 6.6, 1.3 Hz), 7.50
(d, 1H, J = 8.6 Hz), 5.47 (s, 1H), 4.27 (br s, 2H). 13C NMR (101 MHz, DMSO-d6): δ 198.23 (CO),
195.29 (CO), 190.46 (CO), 163.17, 155.58, 153.39, 140.75, 133.11, 128.34, 124.77, 120.42,
118.70, 44.16. EA calc. C 38.55H 2.49N 13.83 obs. C 53.37 H 4.24 N 10.25. FTIR (ATR) νCO:
3229, 2023, 1914 cm−1. UV−vis (λmax, nm; CH3CN): 349 ESI-MS (2-CMe2): 444 [M−H]+, 446
[M+H]+.
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40, Mn(Anbpy)(CO)3Br, Bromomanganese 6-[2-(2-aminobenzyl)ethyl]-6ʹ-methyl-2,2ʹbipyridine tricarbonyl.
To a degassed solution of Anbpy (250.1 mg, 0.864 mmol) in diethyl ether (20 mL)
was added Mn(CO)5Br (245.5 mg, 1 eq) with stirring at r.t. The reaction mixture was refluxed
at 36 ºC for 5 h affording a yellow suspension. The yellow precipitate was collected on glass frit
by vacuum filtration and washed with diethyl ether to yield yellow powder (357.9 mg, 81%). 1H
NMR: (500 MHz, d6-DMSO, ): 8.40 (d, 2H, J = 7.6 Hz), 8.07 (q, 2H, J = 6.8 Hz), 7.67 (d, 1H, J
= 7.4 Hz, 7.60 (d, 1H, J = 6.6 Hz), 6.90 (m, 2H), 6.63 (d, 1H, J = 8.0 Hz), 6.46 (t, 1H, J = 7.1 Hz),
5.02 (s, 2Hz), 3.75 (m, 1H), 3.57 (m, 1H), 3.04 (s, 3H), 3.03 (m, 1H), 2.87 (m, 1H).

13

C NMR:

(126 MHz, d6-DMSO, ): 166.28, 162.78, 158.67, 158.25, 146.77, 139.66, 139.50, 129.13, 127.47,
126.84, 125.69, 123.64, 121.27, 116.70, 115.26, 31.23, 28.44. FTIR (ATR) νCO: 2019, 1934, 1901
cm−1. UV−vis (λmax, nm; CH3CN): 387.

Figure 94: Anion substitution reaction to replace Br with OTf.

38-OTf,

Mn(Dmabpy)(CO)3(OTf),

Manganese

2-[2,2'-bipyridin]-6-yl-N,N-dimethyl-

benzenamine tricarbonyl trifluoromethanesulfonate.77
Trimethylsilyl trifluoromethane sulfonate (TMSOTf) was added to a 50-mL Schlenk flask
of 1 (50.7 mg, 0.10 mmol) suspended in DCM (20 mL) under N2 and stirred overnight. Solvent
and byproduct TMS-Br were concentrated to yield an orange solid in quantitative yield. 19F NMR:
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(376 MHz, d6-DMSO, ): −77.79. FTIR (ATR) νCO: 2027, 1947, 1912 cm−1. UV−vis (λmax, nm;
CH3CN): 299.

39-OTf, Mn(Hzbpy)(CO)3(OTf), Manganese 6-hydrazino-2,2ʹ-bipyridine tricarbonyl
trifluoromethane sulfonate (2-OTf).
Trimethylsilyl trifluoromethane sulfonate (TMSOTf) was added to a 50-mL Schlenk flask
of 2 (41. mg, 0.10 mmol) suspended in DCM (20 mL) under N2 and stirred overnight. Solvent and
byproduct TMS-Br were concentrated to yield an orange solid. Yield was not ascertained.
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F

NMR: (376 MHz, d6-DMSO, ): −77.78. FTIR (ATR) νCO: 2029, 1924 (br) cm−1. UV−vis (λmax,
nm; CH3CN): 332.

Figure 95: Synthesis of Mn(R-bpy)(CO)3(OTf) from Mn(CO)5(OTf).

40-OTf, Mn(Anbpy)(CO)3(OTf), Manganese 6-[2-(2-aminobenzyl)ethyl]-6ʹ-methyl-2,2ʹbipyridine tricarbonyl trifluoromethane sulfonate.78
In a glove box, Mn(CO)5Br (95 mg, 0.35 mmol), AgOTf (1.1 eq, 98 mg, 0.38 mmol), and
dichloromethane (20 mL) were combined in a 50 mL round-bottomed flask covered in foil and
stirred 18 h to produce a yellow suspension which was filtered through Celite. The filtrate was
added via cannula to a solution of Anbpy (100. mg, 0.35 mmol, 1 eq) in DCM (10 mL) in a 50 mL
Schlenk flask covered in foil and stirred overnight to produce a yellow suspension. The product
was concentrated, suspended in diethyl ether, and filtered through a fine glass frit to give a yellow

115

solid (106 mg, 53%). 19F NMR: (376 MHz, d6-DMSO, ): −77.77. FTIR (ATR) νCO: 2028, 1920
cm−1. UV−vis (λmax, nm; CH3CN): 327, 371.

3.3.2. Experimental Spectra

Figure 96: 1H NMR spectrum (400 MHz, CDCl3) of 6-[2-(2-nitrophenyl)ethenyl]-6ʹ-methyl-2,2ʹ-bipyridine.
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Figure 97: Mass spectrum of 6-[2-(2-nitrophenyl)ethenyl]-6ʹ-methyl-2,2ʹ-bipyridine.

Figure 98: COSY NMR (400 MHz, CDCl3) of 6-[2-(2-nitrophenyl)ethenyl]-6ʹ-methyl-2,2ʹ-bipyridine.
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Figure 99: 1H NMR Spectrum (400 MHz, CDCl3) of Anbpy (6-[2-(2-aminobenzyl)ethyl]-6ʹ-methyl-2,2ʹ-bipyridine).
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Figure 100: 13C NMR spectrum (101 MHz, CDCl3) of Anbpy (6-[2-(2-aminobenzyl)ethyl]-6ʹ-methyl-2,2ʹbipyridine).

Figure 101: COSY NMR (400 MHz, CDCl3) of Anbpy (6-[2-(2-aminobenzyl)ethyl]-6ʹ-methyl-2,2ʹbipyridine).
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m/z = 289

Figure 102: Mass spectrum of Anbpy (6-[2-(2-aminobenzyl)ethyl]-6ʹ-methyl-2,2ʹ-bipyridine).
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Figure 103: 1H NMR Spectrum (400 MHz, d6-DMSO) of 40.
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Figure 104: 13C NMR Spectrum (100 MHz, d6-DMSO) of 40.
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Figure 105: 1H NMR Spectrum (400 MHz, CDCl3) of dmabpy.
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Figure 106: 13C NMR spectrum (101 MHz, CDCl3) of dmabpy.
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Figure 107: 1H NMR Spectrum (400 MHz, d6-DMSO) of 38.
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Figure 108: 13C-NMR (101 MHz, d6-DMSO) of 38.

Figure 109: Mass spectrum of 38.
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Figure 110: Mass Spectrum of 1-MnCl2.
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Figure 111: 1H NMR Spectrum (400 MHz, CDCl3) of Hzbpy.
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Figure 112: 1H NMR Spectrum (400 MHz, d6-DMSO) of 39.

Figure 113: Mass Spectrum of 39-CMe2.
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Figure 114: UV-Vis spectroscopy of 0.1 mM Mn(L)(CO)3X in acetonitrile.

Figure 115: CV of 1 mM 38 with varying H2O in CH3CN under N2 and CO2, 100 mV/s.
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Figure 116: CV of 1 mM 38 with varying MeOH in CH3CN under N2 and CO2, 100 mV/s.

Figure 117: CV of 1 mM 38 with varying TFE in CH3CN under N2 and CO2, 100 mV/s.
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Figure 118: CV of 1 mM 39 with varying H2O in CH3CN under N2 and CO2, 100 mV/s.

Figure 119: CV of 1 mM 39 with varying MeOH in CH3CN under N2 and CO2, 100 mV/s.
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Figure 120: CV of 1 mM 39 with varying TFE in CH3CN under N2 and CO2, 100 mV/s.

Figure 121: CV of 1 mM 40 with varying H2O in CH3CN under N2 and CO2, 100 mV/s.
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Figure 122: CV of 1 mM 40 with varying MeOH in CH3CN under N2 and CO2, 100 mV/s.

Figure 123: CV of 1 mM 40 with varying TFE in CH3CN under N2 and CO2, 100 mV/s.
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Figure 124: CV of 1 mM 40-OTf with varying TFE in CH3CN under N2, 100 mV/s.
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3.3.3. Catalytic Activity
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Figure 125: Turnover Number (TON) and Faradaic Efficiency (%FE) of CPE of Mn complexes.

3.3.4. X-ray Data Tables

Table 8: X-Ray Data Table for 38.

Identification code
Chemical formula
Formula weight
Temperature
Wavelength
Crystal size
Crystal habit
Crystal system
Space group
Unit cell dimensions

Volume
Z
Density (calculated)
Absorption coefficient

UNH_MnBrbpy1
C21H17BrMnN3O3
494.23 g/mol
120(2) K
0.71073 Å
0.032 x 0.123 x 0.218 mm
yellow plate
monoclinic
P 21/c
a = 6.5454(3) Å
α = 90°
b = 31.9237(17) Å
β = 102.202(3)°
c = 10.0839(5) Å
γ = 90°
3
2059.46(18) Å
4
1.594 g/cm3
2.608 mm-1
138

F(000)

992

Table 9: Data collection and structure refinement for 38.

Diffractometer
Radiation source
Theta range for data
collection
Index ranges
Reflections collected
Independent reflections
Coverage of independent
reflections
Absorption correction
Max. and min.
transmission
Structure solution
technique
Structure solution
program
Refinement method
Refinement program
Function minimized
Data / restraints /
parameters
Goodness-of-fit on F2
Δ/σmax

Bruker Kappa APEX II CCD
fine-focus tube, Mo Kα
1.28 to 25.70°
-7<=h<=7, -38<=k<=38, -12<=l<=11
24590
3892 [R(int) = 0.0645]
99.9%
Multi-Scan
0.9210 and 0.6000
direct methods
XT, VERSION 2014/4
Full-matrix least-squares on F2
SHELXL-2014/7 (Sheldrick, 2014)
Σ w(Fo2 - Fc2)2
3892 / 0 / 264
1.157
0.001

R1 = 0.0533, wR2 =
0.0894
R1 = 0.0770, wR2 =
all data
0.0950
2
2
w=1/[σ (Fo )+(0.0177P)2+6.0422P]
Weighting scheme
where P=(Fo2+2Fc2)/3
Largest diff. peak and hole 0.558 and -0.595 eÅ-3
R.M.S. deviation from
0.094 eÅ-3
mean
Final R indices

3026 data; I>2σ(I)

Table 10: X-Ray Data Table for 38-MnCl2

Identification code

UNH_VY1_81_2
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Chemical formula
Formula weight
Temperature
Wavelength
Crystal size
Crystal habit
Crystal system
Space group
Unit cell dimensions

Volume
Z
Density (calculated)
Absorption coefficient
F(000)

C18H17Cl2MnN3
401.18 g/mol
120(2) K
0.71073 Å
0.166 x 0.210 x 0.331 mm
yellow block
monoclinic
P 1 21/n 1
a = 10.3337(2) Å
α = 90°
b = 13.0646(3) Å
β = 90.3170(10)°
c = 12.7748(3) Å
γ = 90°
3
1724.64(7) Å
4
1.545 g/cm3
1.079 mm-1
820

Table 11: Data collection and structure refinement for 38-MnCl2

Diffractometer
Radiation source
Theta range for data
collection
Index ranges
Reflections collected
Independent reflections
Coverage of independent
reflections
Absorption correction
Max. and min.
transmission
Structure solution
technique
Structure solution
program
Refinement method
Refinement program
Function minimized

Bruker Kappa APEX II CCD
fine-focus tube, Mo Kα
2.23 to 31.52°
-15<=h<=15, -19<=k<=19, -18<=l<=18
27544
5747 [R(int) = 0.0296]
99.9%
Multi-Scan
0.8410 and 0.7170
direct methods
SHELXT 2014/5 (Sheldrick, 2014)
Full-matrix least-squares on F2
SHELXL-2016/6 (Sheldrick, 2016)
Σ w(Fo2 - Fc2)2
140

Data / restraints /
parameters
Goodness-of-fit on F2
Δ/σmax

5747 / 0 / 219
1.039
0.002

R1 = 0.0278, wR2 =
0.0704
R1 = 0.0357, wR2 =
all data
0.0745
2
2
w=1/[σ (Fo )+(0.0385P)2+0.4154P]
Weighting scheme
where P=(Fo2+2Fc2)/3
Largest diff. peak and hole 0.414 and -0.243 eÅ-3
R.M.S. deviation from
0.062 eÅ-3
mean
Final R indices

4922 data; I>2σ(I)

Table 12: X-Ray Data Table for 38-MnClBr

Identification code
Chemical formula
Formula weight
Temperature
Wavelength
Crystal size
Crystal habit
Crystal system
Space group
Unit cell dimensions

Volume
Z
Density (calculated)
Absorption coefficient
F(000)

UNH_MnBrbpy1A
C18H17BrClMnN3
445.64 g/mol
120(2) K
0.71073 Å
0.138 x 0.147 x 0.342 mm
yellow block
monoclinic
P 21/n
a = 10.5287(6) Å
α = 90°
b = 13.0093(7) Å
β = 90.791(3)°
c = 12.9159(7) Å
γ = 90°
3
1768.94(17) Å
4
1.673 g/cm3
3.160 mm-1
892

Table 13: Data collection and structure refinement for 38-MnClBr

Diffractometer
Radiation source

Bruker Kappa APEX II CCD
fine-focus tube, Mo Kα
141

Theta range for data
collection
Index ranges
Reflections collected
Independent reflections
Coverage of independent
reflections
Absorption correction
Max. and min.
transmission
Structure solution
technique
Structure solution
program
Refinement method
Refinement program
Function minimized
Data / restraints /
parameters
Goodness-of-fit on F2
Δ/σmax

2.22 to 27.50°
-11<=h<=13, -16<=k<=14, -15<=l<=16
15560
4060 [R(int) = 0.0325]
99.9%
Multi-Scan
0.6700 and 0.4110
direct methods
SHELXT, VERSION 2014/5 (Sheldrick,
2014)
Full-matrix least-squares on F2
SHELXL-2016/6 (Sheldrick, 2016)
Σ w(Fo2 - Fc2)2
4060 / 2 / 226
1.096
0.001

R1 = 0.0367, wR2 =
0.0848
R1 = 0.0532, wR2 =
all data
0.0898
w=1/[σ2(Fo2)+(0.0337P)2+2.4697P]
Weighting scheme
where P=(Fo2+2Fc2)/3
Largest diff. peak and hole 0.503 and -0.739 eÅ-3
R.M.S. deviation from
0.088 eÅ-3
mean
Final R indices

3267 data; I>2σ(I)

Table 14: X-Ray Data Table for 39-CMe2

Identification code
Chemical formula
Formula weight
Temperature
Wavelength
Crystal size

UNH_VY1_72_1
C16H14BrMnN4O3
445.16 g/mol
120(2) K
0.71073 Å
0.058 x 0.135 x 0.155 mm
142

Crystal habit
Crystal system
Space group
Unit cell dimensions

Volume
Z
Density (calculated)
Absorption coefficient
F(000)

yellow plate
triclinic
P -1
a = 7.3009(2) Å
b = 8.5349(3) Å
c = 14.2029(5) Å
875.42(5) Å3
2
1.689 g/cm3
3.059 mm-1
444

α = 98.250(2)°
β = 91.163(2)°
γ = 91.222(2)°

Table 15: Data collection and structure refinement for 39-CMe2.

Diffractometer
Radiation source
Theta range for data
collection
Index ranges
Reflections collected
Independent reflections
Coverage of independent
reflections
Absorption correction
Max. and min.
transmission
Structure solution
technique
Structure solution
program
Refinement method
Refinement program
Function minimized
Data / restraints /
parameters
Goodness-of-fit on F2
Δ/σmax

Bruker Kappa APEX II CCD
fine-focus tube, Mo Kα

Final R indices

2812 data; I>2σ(I)

1.45 to 26.38°
-8<=h<=9, -9<=k<=10, -17<=l<=17
14319
3567 [R(int) = 0.0448]
99.9%
Multi-Scan
0.8430 and 0.6490
direct methods
SHELXT, VERSION 2014/5 (Sheldrick,
2014)
Full-matrix least-squares on F2
SHELXL-2016/6 (Sheldrick, 2016)
Σ w(Fo2 - Fc2)2
3567 / 0 / 232
1.019
0.001
R1 = 0.0362, wR2 =
0.0732
143

R1 = 0.0562, wR2 =
0.0797
2
2
w=1/[σ (Fo )+(0.0325P)2+1.0526P]
Weighting scheme
where P=(Fo2+2Fc2)/3
Largest diff. peak and hole 0.680 and -0.389 eÅ-3
R.M.S. deviation from
0.094 eÅ-3
mean
all data

3.4. Conclusions

Novel Mn(R-bpy)(CO)3X (X = Br, OTf) complexes with pendant amines 38, 39, and 40
were synthesized and tested for CO2-reduction catalysis. Current enhancement was greatest for
each complex at the same concentration and identity of Brønsted acid (0.33 M TFE).
Mn(dmabpy)(CO)3Br (38) demonstrated catalytic deactivation due to coordination between the
pendant nitrogen and the metal center. While N-coordination may have occurred for
Mn(Hzbpy)(CO)3Br (39), this did not seem to have an effect on catalysis, which remained poor
throughout the investigation. The formation of these N-coordinated complexes – based on DFT
calculations, electrochemical investigation, and X-ray crystallography data – is in line with
literature complexes resulting in 5- or 6-membered rings.
While Mn(Anbpy)(CO)3Br (40) demonstrated decomposition over the course of bulk
electrolysis, its triflate analogue 40-OTf did not. No evidence of N-coordination could be observed
for either species. While investigations of Mn(R-bpy)(CO)3Br catalysts are primarily concerned
with CO2 reduction, hydrogen production is possible as well, even without pendant bases.25 Unlike
the other catalysts investigated, 40-OTf was capable of generating hydrogen, and did so at a higher
turnover than for CO. While H2 can be produced by Mn(R-bpy)(CO)3X species as they degrade
and become less nucleophilic, this phenomenon does not explain the early production of H2 and
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the long-term persistence of the catalyst. It is possible that the pendant aniline does not enhance
proton transfer over diffusion rates, but rather inhibits CO2 reduction by making the metal
carboxylate intermediate less stable, though this also would not explain the significant production
of H2. It is unlikely that N-coordination occurs for this species, as it would result in an 8-membered
ring. Combined with its activity, this makes 40 a promising candidate for further investigation.
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Chapter IV. Influence of Pendant Amines on First-Row Transition
Metal Complexes with BIAN Ligands.‡

4.0. Introduction

4.0.1. The BIAN ligand system

Bis(imino)acenaphthene (BIAN) ligands are distinguished from bipyridine and other αdiimine systems by the rigid acenaphthene backbone, which prevents significant rotation of the
two imine nitrogen atoms out of plane of each other (Figure 126). Whereas uncoordinated
bipyridine will orient its pyridyl groups away from each other, BIAN has a persistent cis structure,
allowing for more facile coordination to a metal center. This rigidity is frequently credited as
improving stability for BIAN-based complexes, a significant benefit given the issue of degradation
among homogeneous catalysts. However, their stability is often lower than more common diimines
such as bipyridines and phenanthrolines, though there is a large range of coordination strength
based on N-aryl substituents.79 While it is claimed that the diimine bonds in BIAN are particularly
protected against hydrolysis, this claim is usually made for systems with significant steric bulk at
the ortho positions of the N-aryl groups.80 Overall, the characteristics of BIAN complexes depends
to a large degree on the identity of the N-aryl substituents and other ligands in the complex.

‡

Synthesis and analysis of the Clamshell ligand 53 and its complexes was performed by Zane Thistleford. Synthesis
and analysis of the BIAN-cyclam ligand 65 was performed by Joshua Reynolds and Julia Leary under supervision.
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Figure 126: General structures of bipyridine (left) and BIAN ligands (middle), as well as a BIAN complex with Naryl substituents (right).

Like other α-diimines, BIAN ligands are generally good σ-donors and π-acceptors,
properties enhanced by the N-aryl groups which should help accommodate multiple metal
oxidation states.81 The more delocalized π-system of BIAN also redshifts the MLCT band,
allowing for light absorption at less energetic wavelengths to enable its photosensitizing activity.82
Electron-withdrawing N-aryl groups can contribute to this shift, as well as assist in reducing the
diimine for use as an electron reservoir in multiple electron transfers, unlike N-alkyl
substituents.83,84 The facile synthesis of BIAN ligands is frequently mentioned as a benefit of the
system, via condensation of acenaphthenequinone with a primary amine, with metal complexes
available in one step from these reagents using a metal-templating strategy.79 Given this, N-aryl
substituents provide a straightforward location for steric and electronic tuning outside of the
primary coordination sphere. The naphthyl group can also be modified, generating a bifunctional
complex for secondary coordination sphere functionalities, or allowing disruption of either the
diimine or the naphthyl group, depending on the desired application (Figure 127).85,86
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A

B

C

Figure 127: Examples of BIAN ligand functionalization. A) Coupling catalytic and photosensitizer capabilities by
sulfide functionalization of naphthyl backbone, taken from Topf et al. (2017). B) Reduction of diimine to amido-imine
BIAN; C) reduction and dearomatization of naphthyl backbone, taken from Evans et al. (2013).

BIAN also has some significant drawbacks as a ligand in a catalytic complex. Without
bulky ortho- substituents on the N-aryl groups, the diimine is vulnerable to hydrolysis, eliminating
water as a solvent or as a Brønsted acid for catalysis (Figure 128). This has been addressed recently
with the addition of sulfonate groups to the aryl substituents, though this affects the redox
properties of the complex (42) (Figure 129).87 Greater electron delocalization aids in the reduction
of the BIAN ligand, but also makes it more difficult for the ligand to donate those electrons to a
substrate during catalysis, similar to electron-withdrawing substituents for bipyridine.16,88 Like in
other diimines, the π* LUMO of BIAN is relatively low in energy, which is one reason they are
used in multi-electron catalysis. Some reports suggest that BIAN is particularly effective as an
electron reservoir, forming a tetraanionic species with strongly electron-withdrawing substituents
(43) or when chemically reduced (44) (Figure 129).84,89 This behavior is attributed to the LUMO+1
orbital on the naphthyl group, though this claim has been questioned given the difference in energy
between the LUMO and LUMO+1 for relevant species.90 Given these drawbacks and open
questions, it is not surprising that less catalytic work has been done investigating BIAN rather than
the ubiquitous bipyridine system as a ligand for catalytic systems.
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42
Figure 128: General synthesis and hydrolytic decomposition of a BIAN ligand from primary amines and
acenaphthenequinone (left). A BIAN complex which is both stable to hydrolysis and soluble in water (right).

43: R = NO2
44
Figure 129: Complexes capable of holding a formal tetraanionic charge within the BIAN ligand. Taken from
Fedushkin et al. (2003) and Hazari et al (2016).

4.0.2. BIAN Complexes and Catalysis

Due to the multi-electron accepting capabilities of BIAN, many of its complexes rely on
direct chemical reduction to generate a persistent anionic or radical species for investigation. In
particular, s-block metals are used as both reductants as well as Lewis acids which can be
coordinated by BIAN, often leading to structurally diverse [M(L)]n complexes such as [Na4(dppBIAN)]2 44, held up as an example of the electron-accepting capabilities of BIAN (Figure
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129).91,89 While there is a wealth of information on the effects of chemical reduction on the BIAN
ligand system, studies on these transformations do not tell us much about the electrocatalytic
capabilities of BIAN in late transition metal complexes. We will focus on intact (rather than
chemically reduced or altered) α-diimine systems because we intend to reduce these complexes
electrochemically.
Catalysis with first-row late transition metal BIAN complexes often focuses on
polymerization reactions or other chemical transformations, some of which remain under patent.
We are limiting the scope of our investigation to complexes involved in electrochemical catalysis,
in particular those involving reduction of CO2 or H+ to less environmentally hazardous compounds
(CO) or to value-added chemicals (H2, CH3OH).
Mn-BIAN complexes are scarce in the literature, most often serving as less effective
catalysts, compared against more active first-row metals like cobalt or iron, though pendant
nitrogen groups do improve their catalytic activity, similar to the effects described in Chapter 3.92,93
This lack of catalytic ability (and resulting lack of interest) is attributed to weaker bonding
interactions between BIAN and Mn, as less electron-rich metals have less π-backdonation, which
also explains their propensity to form Cl-bridged dimers or solvent-coordinated species, unlike
other metals with the same ligands.94 However, an octahedral Mn-BIAN complex should be no
less stable than one with more d-electrons, which would occupy antibonding orbitals, though the
bonding d-orbitals would not be as low in energy as in a complex with more π-accepting ligands.
Moreover, given that the active catalytic species would be doubly reduced, the BIAN radical anion
should be able to contribute some electron density into the Mn0 center just as the bpy ligand does
in Mn(R-bpy)(CO)3Br catalysts, though likely to a lesser degree due to increased conjugation.
Examples of Mn-BIAN complexes have been synthesized as byproducts of using manganocene as
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a chemical reductant.95 A single example of an Mn(BIAN)(CO)3Br species exists (45) to provide
a point of comparison with our investigations laid out in the previous chapters, but no catalysis
was performed, though the complex did release CO upon exposure to visible light, consistent with
Mn(R-bpy)(CO)3Br species (Figure 130).96

45

46

Figure 130: Mn and Fe BIAN complexes.

Iron BIAN complexes are more common though still relatively scarce, possibly because
the popular metal-templating synthetic method for BIAN is less effective for iron than for these
other metals.97 Much of the available literature focuses on the chemical catalysis or the unique
magnetic properties of these species. Like manganese, iron has fewer d-electrons than later
transition metals, and so interacts less with the π-accepting capabilities of BIAN to lower the
energy of the occupied d-orbitals. Indeed, electrochemical behavior of Fe-BIAN complexes is
sensitive to steric and electronic changes even on co-ligands.98 Electrochemical investigations
show significant degradation following redox events, though greater stability is possible by direct
chemical reduction.99 Recent investigations have shown that hydrogen generation is possible at
low overpotentials with the BIAN reduced to allow more facile reduction to the active catalytic
species.100 The Fe(dpp-BIAN) complex 46 was reported to produce H2 at −0.37 V vs Fc/Fc+ with
a TOF of 50 s−1 (based on a foot-of-the-wave analysis) in the presence of trifluoroacetic acid
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(TFA). Although many of these developments occurred after we established the scope of our own
investigations, we recommend testing Fe-BIAN complexes formed with the ligands discussed in
this chapter, particularly Clamshell due to its limited steric bulk.
Both Co-BIAN and Ni-BIAN complexes have been used for improvements in catalytic
olefin polymerization.101 The metals typically show tetrahedral geometry, with some distortion
and a high-spin d-orbital electron configuration independent of anion identity, allowing for
consistent characterization of Co(II) species by UV-Vis spectroscopy.102,103 Despite the noninnocent character of BIAN, Co(II) and Ni(II) do not reduce BIAN without external chemical
reductants. Ni(0) can reduce BIAN, which is readily oxidized in air to give the Ni(II) complex
with an intact α-diimine (Figure 131). The strong chemical reductant KC8 enables persistent BIAN
reduction, leading to a NiII(BIAN∙−)2 and CoI(BIAN∙−)(BIAN)2 complexes (Figure 132).104 In stark
contrast to such robust ligand coordination, Co(II) complexed to a neutral α-diimine can be readily
replaced by elemental gallium, which does reduce BIAN to form the Ga(III) complex.105 Given
the significant differences in structure and reactivity of Ni and Co BIAN complexes upon direct
chemical reduction, we avoid these transformations, relying exclusively on electrochemical
reduction.

Figure 131: Behavior of diimines upon complexation with Ni0 leading to formal Ni oxidation. Oxidation of the
reduced diimine occurs in the presence of adventitious oxygen.
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47
48
Figure 132: Ni and Co complexes demonstrating persistent BIAN reduction due to chemical reduction. Taken from
Khusniyarov et al. (2006).

Co-BIAN complexes, like Ni-BIAN complexes, have primarily been used for olefin
polymerization catalysis rather than CO2 reduction. Use of Co-diimines for CO2 reduction often
feature macrocycles or pendant amines, as described in Chapter 1.11 Marinescu and coworkers
used both features to demonstrate that additional pendant amines could improve CO2 reduction
independently, reporting a TONCO of 6.2 over 2 h at −2.8 V (49, Figure 133).106,35 Proton reduction
has been reported using a Co-BIAN-cobaloxime (50) based on the high current enhancement in
the presence of a strong acid (icat/ip = 43.3), but at much more negative potentials than for an
analogous cobaloxime with a dimethyldiimine ligand (−2.3 V vs Fc/Fc+, compared to −1.2 V)
(Figure 133).107 Cobalt polypyridyl catalysts are also often used for hydrogen evolution, but these
are based on the bipyridine ligand, electronically distinct enough to put a full comparison of these
catalysts to those incorporating the BIAN ligand beyond the scope of this work.108
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49

50

Figure 133: Cobalt catalysts 49 and 50. Two solvent molecules (not shown) coordinate the metal center.

An investigation into the electrochemistry of unsymmetrical Co-BIAN complexes
demonstrated two BIAN-centered reduction potentials, the first of which appears at a consistent
potential (−0.9 V vs Ag/AgCl) but the second of which can vary between −1.39 and −1.53 V vs
Ag/AgCl depending on the electronic influence of N-aryl substituents (Figure 134).94 A Co-BIAN
complex with phenolic substituents (51) demonstrated similar peaks at less negative potentials
(−1.36 V and −1.73 V vs Fc/Fc+), in part because these substituents led to formation of the biscoordinated octahedral complex (Figure 135).109 Other Co-BIAN complexes with pendant bases
were not investigated electrochemically, though Chirik and coworkers suggest that coordination
by a pendant base to the metal center in 52 leads to formal reduction of the BIAN moiety due to
increased electron density on the metal center (Figure 135).110,111,112
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Figure 134: BIAN complexes with different N-aryl groups demonstrating the effect of substituents on the second
reduction of the complex. Potentials vs Ag/AgCl. Taken from Zhou et al. (2018).

51

52

Figure 135: Co-BIAN complexes with more facile reduction due to pendant coordination.

A recent investigation into Ni-BIAN complexes used both chemical and electrochemical
methods to access the Ni(I) species (Figure 136).113 Chemical reduction led to dimerization via
halide-bridging, though the monomeric form was determined to be more stable for the Brcoordinated species. Most complexes (with the exception of the F-coordinated species) showed
localization of the electron on the metal, with the formal Ni(I) maintaining tetrahedral geometry
in both monomeric and dimeric forms. In these complexes, the Ni(0) state was accessed
155

electrochemically prior to achieving the Ni(I)/ligand radical state (Ni+L∙−) typically used for Nibased CO2 reduction, potentially leading to decomplexation.114 If this is generalizable for other
Ni-BIAN complexes, then ligand loss may be a significant hindrance for catalysis with these
systems. Catalysis may still be possible if CO2 binds to [Ni+(BIAN0)]+ as it does for
[NiI(cyclam0)]+, as Ni+ is capable of binding CO2 if assisted by a ligand interaction.38 Furthermore,
non-aqueous CO2 reduction catalysis of Ni(cyclam) at a glassy carbon electrode occurs at −1.21 V
vs. NHE (−1.84 V vs. Fc/Fc+), while the reported Ni(BIAN)Br2 system is reduced to Ni(I) at the
more modest potential of −0.81 V vs Fc/Fc+.38,113 A follow-up analysis of the mechanism of CO2
reduction by Ni(cyclam) recommended a ligand that stabilizes the Ni(I) oxidation state and a
system that encourages proton-coupled electron transfer, both of which are features of our
proposed complexes.115 One possible downside of this system may be the effect of π-backdonation
into BIAN, which is proposed to stabilize the CO2-adduct in Ni(cyclam); or, if the ligand is reduced
prior to the metal, the metal will be less nucleophilic than in Ni(cyclam), with similar results.

Figure 136: Ni-BIAN complexes which can access the Ni(I) oxidation state via chemical or electrochemical reduction.
Ar = 2,6-diisopropylphenyl; COD = 1,5-cyclooctadiene. Taken from Khrizanforova et al. (2019).
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4.0.3. The Clamshell Ligand and Complexes

The Clamshell ligand (53) was first reported on in 2008 in a JACS communication paper
by Guan and coworkers as an extension of Brookhart’s work with BIAN-based catalysts (Figure
137).45 The ligand was complexed to nickel (54) and palladium metal salts and performed ethylene
polymerization in the presence of an aluminum activator. Crucially, an analogous clamshell-like
ligand was also synthesized, with a carbon replacing the pyridyl nitrogen (55), leading to a
decrease in polymer molecular weight as well as an increase in undesired polymer branching. It
was hypothesized that the lone pair on the axial pendant pyridyl group interacted with the metal
dz2 orbital to prevent coordination from the bottom site, allowing selective coordination at an
equatorial site, preventing branching without limiting substrate scope through the use of bulky Naryl substituents (Figure 137). This mechanism was expanded upon in a later review.116

53

54

55

Figure 137: Ligands and complex from original Clamshell paper, as well as mechanism of axial donation leading to
inhibition of coordination from either axial site.

There have been few other investigations into the Clamshell ligand. A Europocene complex
was made to investigate the non-innocence of the BIAN group in clamshell, demonstrating that
complexation with Eu(II) oxidized the metal to Eu(III) and reduced the BIAN (Figure 138).117 This
matches the behavior of an N-mesityl BIAN Eu complex despite the differences in sterics and
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electronics.118 They contrast this finding with similar complexes with electron-donating t-Bu
substituents wherein the BIAN is not reduced (maintaining a formal Eu(II)), or in a samarium
complex with bulkier dipp (2,6-diisopropylphenyl) substituents which lead to loss of a Cp ligand
on the samarium metal center.118,119

56

57

58

Figure 138: Eu-BIAN complexes.

The non-innocence of the Eu complex also differs from a Clamshell phosphorus complex,
where phosphorus maintains a formal +3 oxidation state without reducing the BIAN moiety, even
when formally oxidized to the phosphenium via abstraction of the halide counterion (Figure
139).120 The resulting N-heterocyclic phosphenium acts as a Lewis acid (59), as well as a Lewis
base (60) through the pyridyl lone pair. Crystal structure analysis showed that the pyridyl group
does not donate electron density to the phosphonium group despite its positive charge, and instead
lies coplanar to the BIAN group. This contrasts with the crystal structures of the established
palladium and europium complexes, wherein the pyridyl group is oriented toward the metal center.
Further study of cobaltocene-reduced pnictogen species demonstrated that axial stabilization can
enable halide abstraction in some complexes (such as those of antimony and bismuth), while the
pyridyl group remained coplanar to BIAN in others (phosphorus and arsenic).121 Notably,
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phosphorus and arsenic complexes demonstrated formal reduction of the BIAN moiety, while the
diimine was not reduced for the heavier metal complexes, including the group 14 metal tin.

59

60

Figure 139: N-heterocyclic phosphenium species with clamshell ligand demonstrating Lewis acid and base behavior.

While interesting, these clamshell complexes have not demonstrated useful applications
with the exception of the original nickel and palladium catalysts. These also represent the only
transition metals used with this ligand despite the widespread literature on late transition metal
catalysis using BIAN groups, or α-diimines more generally. Based on the examples given, the
clamshell ligand has demonstrated the ability to stabilize reactive cationic species, promote
catalysis in the presence of an additive, and prevent axial coordination despite limited steric bulk.
Moreover, the presence of an axial nitrogen group allows for both stabilizing catalytic
intermediates and transferring protons from the secondary coordination sphere to the active site.
Coupled with the non-innocence of the BIAN group, we hypothesize that clamshell complexes are
excellent candidates for CO2 and H+ reduction catalysis.
In this Chapter, we report the synthesis and characterization of clamshell complexes
Mn(Clam)(CO)3Br (61), Co(Clam)Cl2 (62), Ni(Clam)Br2 (54) and Zn(Clam)(OC(O)CH3)2 (63)
and the subsequent electrochemical investigation into their capabilities as CO2-reduction or H2production catalysts (Figure 140). The two-electron reduced species for Ni and Co BIAN
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complexes should be accessible between −1.5 V and −2.0 V vs Fc/Fc+, and the pendant pyridyl
group of 54 has already demonstrated the ability to interact with a substrate and the metal
center.94,113 The use of the pendant pyridyl group to stabilize the binding of CO2 via H-bonding or
to act as a proton relay is similar to the use of pendant amines in Chapter 3, though the steric bulk
around the pyridyl nitrogen may hinder this capability. Given the lack of Mn(BIAN)(CO)3Br
catalysts in the literature, it will be useful to compare the electrochemical behavior of 61 against
Mn(R-bpy)(CO)3Br complexes. In particular, the greater electron delocalization of the BIAN
ligand may prevent successful transfer of the electron to the substrate; alternatively, this feature
may allow electron transfer at less negative potentials. The Zn complex 63 is not expected to
engage in catalytic activity, but the electrochemical behavior of BIAN ligands is complicated by
hydrogen bonding behavior which is expected to be mitigated by complexation to the redox
inactive Zn2+ center.

61

62

63

Figure 140: Novel clamshell complexes.

4.0.4. BIAN Tetraazamacrocycles

As discussed in Chapter 1, macrocycles are cyclized organic ligand systems which can
form a cavity to strongly chelate metal ions. For cobalt and nickel macrocycles, rings of 12 to 17
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atoms with 4 donor atoms are common, and many have been shown to promote CO2 reduction.122
Macrocycles with redox non-innocent moieties such as porphryins (6) and cobaloximes (14)
delocalize electron density to enable formation of the active two-electron reduced species.19,123
Non-planar macrocycles such as cyclams (5, 11) instead donate electron density into the metal
center to stabilize the oxidized metal centers, making them more active toward CO2 once reduced,
with possible stabilizing influence due to the proton-relay capabilities of the amines.18,38 Other
non-innocent ligands have been functionalized to form tetraazamacrocyclic complexes for CO2
reduction, such as diiminopyridine (8).21 To our knowledge no such ligand has been made based
on the BIAN ligand system, though introducing an α-diimine into a cobalt cyclam framework (64)
has led to an increase in photocatalytic CO2 reduction, producing 28 μmol/h CO and 18 μmol/h
HCOO− compared to values of 23 μmol/h CO and 11 μmol/h HCOO− for the unfunctionalized Co
cyclam 5, as well as an increase in H2 generation from 3.7 μmol to 5.6 μmol H2 (Figure 141).18
The potential associated with reduction to Co(I) decreased from −1.9 V to −0.89 V vs SCE,
indicating electrocatalysis requires a more modest potential for a cyclam functionalized with a
non-innocent α-diimine group. Given the greater electron-withdrawing properties of BIAN, it
seems likely that catalysis could be performed at even more mild potentials. However, the steric
bulk and rigidity of the N-aryl groups could prevent cyclam-like coordination and activity.

64

65

66

Figure 141: Addition of α-diimine and BIAN moieties to cyclam ligand framework.
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In this chapter, we report the synthesis of the novel ligand BIAN-cyclam (55) and the cobalt
complex Co(bicyc)Cl2 (66), which take advantage of the electron-withdrawing capabilities of
BIAN and the electron-donating and proton-relay capabilities of cyclam to generate a 14membered tetraazamacrocycle. Electron density from the secondary amines could donate to a
cobalt or nickel metal center and be delocalized across the BIAN π-system. Hypothetically, this
would enable two-electron activation of CO2 at milder potentials than with either system alone,
while the semi-labile nature of the secondary amines could improve catalysis by transferring
protons from the secondary coordination sphere. This latter function should still be possible even
if coordination by all four nitrogen atoms is not possible.

4.1. Results and Discussion

4.1.1. Synthesis of Ligands and 1st-Row Late Transition Metal Complexes

The “Clamshell” ligand, originally developed in 2008 by Leung et al., was synthesized
several times following literature conditions.45 The three-step reaction scheme to generate the
ligand was largely unchanged, though advancements in purification were developed as described
in the Experimental section (Figure 142). The dinitrophenyl compound 67 is synthesized from
bulk reagents 2-nitrobenzaldehyde, 2,6-lutidine, and acetic anhydride, and undergoes
hydrogenation to produce the dianiline 68. A condensation reaction with acenaphthenequinone
leads to the Clamshell ligand 53, which hydrolyzes back to 68 in the presence of water. Various
metal complexes can be synthesized via a room temperature reaction between the ligand and a
metal salt (the direct complexation method). A metal-templating reaction was developed with the
metal salt, acenaphthenequinone, and 68 (Figure 142).79 Despite the convenience of the metal162

templating route, it was discovered that 68 was capable of binding to the metal salts in the absence
of acenaphthenequinone, with the two products difficult to distinguish via UV-Vis spectroscopy.
Because we could not determine if imine condensation occurred consistently to completion, direct
complexation remained the preferred method.

67

68

53

Figure 142: Synthetic route of Clamshell complexes via direct complexation and metal-templating methods.

Complexation with Mn(CO)5Br produced a deep purple solid, consistent with Carrington’s
Mn(BIAN)(CO)3Br complex.96 Due to the photolability of the Mn-Br bond, Mn(Clam)(CO)3Br 61
was kept in the dark whenever possible, during synthesis, storage, and investigations. Infrared
spectroscopy of 61 revealed CO stretching peaks at 2020, 1949, and 1913 cm−1, close to the values
for Mn(BIAN)(CO)3Br 45 (2026, 1945, and 1925 cm−1) and higher than those of Mn(bqn)(CO)3Br
26 (2015, 1904 (br) cm−1) (Figure 143).96 In addition to confirming successful complexation, the
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stretching frequencies indicate less π-backbonding to the carbonyl ligands than in the biquinoline
complex due to greater electron delocalization by the BIAN ligand. UV-Vis spectroscopy had a
peak at 535 nm, attributed to MLCT at a significantly higher wavelength than in 26 (476 nm)
(Figure 144).
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Figure 143: FTIR spectrum of 61.
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Figure 144: UV-Vis spectrum of 0.3 mM 61 in CH3CN.
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Clamshell was complexed with anhydrous CoCl2 to form Co(Clam)Cl2 (62), and a crystal
was grown via two-solvent diffusion in DCM and hexanes. Single-crystal X-ray diffraction
confirmed κ2-coordination by the α-diimine moiety of the BIAN ligand to the cobalt center, which
achieved tetrahedral geometry (Figure 145), consistent with other Co-diimine complexes.124

Figure 145: X-ray crystal structure of (Clam)CoCl2 62, grown in DCM and hexanes.

62 demonstrated solvatochromism, turning from green when dissolved in DMF, to brown
when dissolved in MeOH. This change also occurred when trace amounts of water were added,
but not in EtOH, another protic solvent. In DMF, 62 showed absorption peaks at 610 and 675 nm
in the UV-Vis spectrum, which disappeared in MeOH (Figure 146). We attribute the peaks at 610
and 675 nm to d-d transitions for a cobalt(II) center with a tetrahedral geometry, exciting an
electron from a filled e orbital to a half-filled t2 orbital. As we will show, these peaks are unlikely
to be related to MLCT. This paramagnetic electron arrangement precluded investigation via 1H
NMR spectroscopy, and magnetic susceptibility analysis was unavailable.
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Figure 146: UV-Vis spectrum of 1 mM Co(Clam)Cl2 62.

The solvatochromism was attributed to binding of methanol and adventitious water to the
metal center, shifting the complex to an octahedral geometry. This change was confirmed via Xray crystallography analysis of Ni(Clam)Br2 54 (Figure 147), which also showed removal of a
halide from the primary coordination sphere. This shift to octahedral geometry also explains the
loss of peaks at 610 and 675 nm in the UV-Vis spectrum. The color change from green to brown
can occur due to coordination by adventitious water, occurring over time when the cobalt
complexes are not kept in desiccators. This color change can be reversed upon concentration under
vacuum. However, water also contributes to degradation via hydrolysis of the diimine
functionality, a consideration that is usually addressed in BIAN species via steric bulk at the ortho
positions of the N-aryl rings.80
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Figure 147: X-ray crystal structures of Ni(Clam)Br2 54, grown via vapor diffusion with methanol (left) and via twosolvent diffusion with ethyl acetate and hexanes. DCM is residual from complexation reaction.

Although 54 demonstrated octahedral geometry via coordination of solvent in the crystal
structure, neither the octahedral nor tetrahedral geometries allowed for characterization via UVVis (lacking a filled or half-filled d-orbital configuration) or 1H NMR spectroscopy (as
paramagnetism leads to significant peak broadening) (Figure 147). 1H NMR spectroscopy would
be possible for a square planar Ni(II) species, but the lack of a signal indicates that this geometry
is not seen for the nickel complex as it is in the palladium complex.45 UV-Vis did reveal a loss of
the Clamshell ligand absorption peak at 265 nm (Figure 148). Mass spectrometry revealed that
ligand coordination may have occurred, with an m/z peak of 492 indicating the ion [(Clam)2Ni]2+
(Figure 149). This could be a result of the spectrometry method, though bis-coordination of Ni(II)
by BIAN is possible.125 A different Ni complex, Ni(Clam)(OTf)2 (OTf = trifluoromethane
sulfonate) (69) also showed the peak at 492, as well as a peak of m/z of −149 in the negative mass
spectrum, demonstrating that the anions remained present in the mixture as well (Figures 150,
151). Two Ni0 species, Ni(Clam)(CO)2 (70) and Ni(Clam)(COD) (71) were synthesized in order
to characterize a Ni complex using 1H NMR spectroscopy (Figure 152).
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Figure 148: UV-Vis spectrum of 0.1 mM acenaphthenequinone, 53, and 54 in ethanol.

m/z = 464

m/z = 492

Figure 149: Electrospray ionization mass spectrum of 54.
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m/z = -149

m/z = 492

Figure 150: Electrospray ionization mass spectra of Ni(Clam)(OTf) 2.

169

69
Figure 151: Synthesis of Ni(Clam)(OTf)2 69.

70

71

Figure 152: Syntheses of Ni0 Clamshell complexes 70 and 71.

Ni(Clam)(CO)2 70 was synthesized from Ni(PPh3)2(CO)2 under N2 to avoid oxidation of
Ni(0) to Ni (II), as well as oxidation of the side product PPh3 to OPPh3, which is difficult to
remove from the reaction mixture (Figure 152). Metal oxidation is facilitated by the BIAN moiety,
which can be reduced by Ni0 to the diamido group, which is then readily oxidized by O2 (Figure
153).126 This oxidation is associated with a change in color from purple to brown, which can be
seen upon the slightest exposure to O2 during workup.104 The appearance of the purple color upon
complexation supports the claim that Ni is being formally oxidized, deviating from the d10 electron
configuration. A purple solid was eventually isolated, but oxidation occurred prior to confirmation
of the product via 1H NMR spectroscopy. However, a new FTIR peak at 1721 cm-1 indicated that
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the phosphine ligands dissociated while the CO ligands remained present (Figure 154). This
proved troublesome as CO was bound too strongly to allow for coordination of catalytic substrates.
Attempts to cleave the Ni-CO bond via UV irradiation were unsuccessful, but could be improved
by the addition of a CO scrounger.

Figure 153: Formal oxidation of Ni-BIAN upon exposure to oxygen.

2

3 2

2

Figure 154: Infrared spectra of Ni(PPh3)2(CO)2 and Ni(Clam)(CO)2.

Ni(Clam)(COD) 71 was synthesized from Ni(COD)2 in an attempt to form a Ni(0)
clamshell complex without a strongly coordinating co-ligand. However, this complex was also
oxidized upon exposure to oxygen and could not be characterized via 1H NMR spectroscopy
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because the Ni(II) was paramagnetic, indicating that, like 54, it was also tetrahedral rather than
square planar. It is possible that both COD ligands dissociated, leaving a [Ni(Clam)2]2+ species,
but mass spectroscopy was not performed to confirm this. There is no evidence to suggest that
further oxidation of the Ni occurred to reduce the BIAN a second time for this or any of the NiClam compounds, which would lead to a Ni(IV) species. It was found that the presence of amines
slowed the oxidation of these species considerably, with some retaining their purple color for
upwards of 20 minutes, rather than less than 1 second, upon exposure to air. It is possible that the
amines coordinated the formally oxidized nickel, and that this prevented the interaction between
the complex and ambient oxygen.
Zn(Clam)(OC(O)CH3)2 63 was made via a metal-templating reaction with zinc dust in
acetic acid. The stable Zn(II) oxidation state allows for investigation of the redox properties of the
coordinated ligand in isolation without causing chemical transformation of the BIAN moiety or a
metal-based redox event. Though diamagnetic, the complex did not provide a clear 1H NMR
spectrum, and its d10 electronic configuration precludes analysis of a d-d transition via UV-Vis
spectroscopy.
In addition to the clamshell complexes, a number of compounds were synthesized which
were derived from the dianiline intermediate 68 (Figure 155). The Clam-DAD (DAD =
diazabutadiene) 72 and Halfshell 73 complexes were synthesized as a point of comparison with
Co(Clam)Cl2 to investigate the effects of the acenaphthene backbone on the properties of the
complex (Figures 156, 157). While UV-Vis absorption due to π-π* transitions were logically
diminished for these complexes relative to Co(Clam)Cl2 66 due to the lack of the BIAN moiety,
the peaks at 610 and 675 nm remained, indicating that the coordination geometry and oxidation
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state for each of these complexes is also tetrahedral Co(II), and that the peaks at 610 and 675 nm
do not involve MLCT.

72

73
Figure 155: Synthetic routes of 72 and 73 from the dianiline 68.
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Figure 156: UV-Vis spectrum of 1 mM 72 in DMF.
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Figure 157: UV-Vis spectrum of 1 mM 73 in DMF.

Sulfonate groups were added to N-aryl moieties of 68 at the 4,4′ positions to improve water
solubility and water stability of the resulting sulfonated ligand (74: fully protonated; 75: fully
deprotonated) and cobalt complex (76) (Figure 158). Sulfonate groups have been shown to
stabilize the otherwise easily hydrolyzed imine groups of BIAN complexes, while the metaltemplating reaction allowed us to avoid the final, non-aqueous synthetic step of the clamshell
synthesis.87 The resulting sulfonated-clamshell cobalt chloride complex Co(Clam-SO3)Cl2 76 was
both stable and soluble in water, and showed absorption peaks at 610 and 675 nm by UV-Vis
spectroscopy in DMF, suggesting the same tetrahedral cobalt(II) geometry, though impurities from
the workup hindered a clear spectrum (Figure 159). A lack of rigor during synthesis precluded
effective electrochemical analysis, but preliminary data suggests aqueous voltammetry should be
straightforward. Catalysis using this Clam-SO3 offers benefits over Clamshell such as the use of a
nontoxic aqueous medium and supporting electrolyte, and the potential for a more acidic
environment than is easily available in organic solvents.
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Figure 158: Synthetic route to sulfonated dianilines 74 and 75 and clamshell complex 76.
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Figure 159: UV-Vis spectrum of 1 mM Co(Clam-SO3)Cl2 76 in DMF and MeOH.

BIAN-cyclam 65 was synthesized in three steps using similar methods as Clamshell
(Figure 160). The initial dinitro intermediate 77 was made using a literature procedure that was
altered to combine the imine and nitro reductions into a single step, using palladium on carbon
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hydrogenation instead of hydride reduction using NaBH4 followed by a reduction with zinc and
ammonium chloride.127 Although it required hydrogenation under increased pressure (30 psi H2)
for several days, this reaction avoided the use of the reactive borohydride species.

77

78

66: X = Cl
65
79: X = Br
Figure 160: Synthetic route for BIAN-cyclam ligand 65 and cobalt complexes 66 and 79.

The

tetraamine

intermediate

78

underwent

a

condensation

reaction

with

acenaphthenequinone to form the final BIAN-based 14-member macrocycle. Although Clamshell
synthesis required refluxing in toluene with a Dean-Stark trap to remove the water that formed as
a byproduct, BIAN-Cyclam was able to form via reflux in dry ethanol, and demonstrated more
robust water-stability than Clamshell despite a similar level of steric bulk around the BIAN moiety.
The reason for this is due to hydrogen bonding between the imine and secondary amine groups,
which act like metal centers in stabilizing the macrocyclic ring system.122,128
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Complexation of metal precursors with BIAN-cyclam was more difficult than for
Clamshell, due to the hydrogen bonding that assists in the ligand’s formation. The stability of the
macrocycle depended upon these interactions, so disrupting them to introduce a metal center posed
a higher energy barrier than for Clamshell.128 In addition, the alkyl bridge making up the nonBIAN portion of the ligand was more sterically hindering than the pyridyl group in Clamshell
because it had to remain oriented equatorially to the BIAN plane to engage in this hydrogen
bonding. Due to these considerations, the metal-templating reaction did not provide access to the
desired complex, and direct complexation required refluxing rather than reacting at room
temperature. Once complexation occurred, the ring was less flexible than the clamshell ligand,
which may have led to loss of binding by the halide anions. For this reason, a Co(Bicyc)Br2
complex (79) formed an octahedral complex with water coordination more readily than the CoCl2
complex did. Presumed coordination by water and/or methanol was supported by visual
observation of solvatochromism, consistent with similar observations made for the Clamshell
cobalt complexes.
66 and 79 showed the same absorption peaks at 610 and 675 nm in the UV-Vis spectra as
were seen in 66, indicating tetrahedral coordination by the diimine moiety without direct
interaction by the secondary amine groups (Figures 161, 162). Changing the identity of the halide
did not change the peak wavelength, indicating that the absorption is not concomitant with loss of
the halide from the complex. A complex (Co(Tetra)Cl2, 80) formed by the tetraamine intermediate
78 and CoCl2 had the same peaks at 610 and 675 nm, consistent with the Co(Half)Cl2 73 complex,
indicating that it is the same aniline nitrogens that coordinate cobalt, rather than the internal
secondary amines, which 73 does not have, and that condensation to form the BIAN does not
change the position of these absorption peaks (Figures 163, 164). Attempting to purify 78 via
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recrystallization in acetone led to a darker green solid that was brown in MeOH, suggesting
formation of an imine via condensation with acetone (81), with a new peak at 485 nm (Figure 165).
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Figure 161: UV-Vis spectra of 1 mM 66 in DMF and MeOH.
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Figure 162: UV-Vis spectra of 1 mM 79 in DMF and MeOH.
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Figure 163: Synthesis of Co(Tetra)Cl2 80.
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Figure 164: UV-Vis spectra of 1 mM of 80 (filtrate) and 81 (solid) in DMF and MeOH.

81
Figure 165: Formation of 81 by condensation of 80 upon recrystallization in acetone.

The coordination of Co by the imine nitrogen atoms in 66 is consistent with our
computational models, which showed that coordination by the secondary amines results in a
complex that is 15.9 kcal/mol less stable (Figure 166, Table 16). Coordination by all four nitrogen
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atoms in the macrocycle to form an octahedral species with Cl ligands trans to each other should
be more stable by 8.6 kcal/mol, though it is unlikely that such a complex would have the same
absorption peaks as tetrahedral Co(Clam)Cl2, and steric bulk may prevent straightforward
formation of this thermodynamically favorable octahedral species.
C

A

D

B

E

Figure 166: Spartan models of 66 in different coordination environments. A) coordination by BIAN imines; B)
coordination by secondary amines.; C) Coordination by all N, trans Cl; D) Coordination by all N; cis Cl; E)
Coordination by all N, non-coordinating Cl.
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Table 16: Comparison of ground state energies (gas phase) of different coordination environments for 66.

Complex Coordination

Energy vs A (kcal/mol)

A: BIAN imines

0.0

B: Secondary Amines

15.9

C: All N, trans Cl

−8.6

D: All N, cis Cl

9.0

E: All N, non-coordinating Cl

7.1

In order to encourage the κN,N,N,N-coordination seen in other macrocycles, deprotonation
of the secondary amines was attempted using 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU), a nonnucleophilic base. By deprotonating the amines, DBU would form a positively charged species,
which would remove the chloride anions from the product solution as DBU-H+Cl−. The anionic
nitrogen atoms would then coordinate the metal more easily than they would as secondary amines.
The resulting species Co(Bicyc) 82 would still have a Co(II) center, likely in a distorted geometry
due to the strain caused by the rigidity of the BIAN group in the 14-membered macrocycle (Figure
167). This product could not be purified or fully concentrated, and remained a brown solution that
primarily appeared as DBU via 1H NMR spectroscopy. However, new peaks distinct from DBU
were seen via UV-Vis spectroscopy at 530 and 585 nm, blue-shifted from those of 66, consistent
with a shift in geometry away from tetrahedral (Figure 168). A stronger base may be required to
effectively deprotonate the secondary amines of 66, though attempts to do so with NaH were
unsuccessful.
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82
Figure 167: Synthesis of Co(Bicyc) 82.
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Figure 168: UV-Vis spectrum of 82 in DMF.

An attempt was made to achieve coordination by all 4 nitrogen atoms by exposing 66 to
air and HCl to form the Co(III) species [Co(Bicyc)Cl2]Cl (83). Addition of 12 M HCl to 65 after
stirring in air for two days led to a green-colored solution regardless of solvent, distinct from the
solvatochromism associated with the starting complex (Figure 169). This is consistent with a
persistent Co(III) octahedral state, though absorption peaks by UV-Vis did not shift position
significantly (Figure 170). A 1H NMR spectrum could not be obtained, though it is possible that
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this is due to a distortion in the geometry caused by binding of all 4 nitrogen atoms leading to
paramagnetism, as an octahedral cyclam conformation is altered by the presence of the aromatic
substituents (Figure 171). This may be avoided through the use of N-alkyl substituents. Due to the
presence of water in HCl, it is possible that the BIAN group was hydrolyzed; this can be avoided
through the use of HCl in 1,4-dioxane.

83
Figure 169: Oxidation of 66 to form [Co(Bicyc)Cl2]Cl 83.

Figure 170: UV-Vis spectra of 66 and 83 in DMF and MeOH.
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Figure 171: Spartan models of octahedral Co(cyclam)Cl2 (left) and Co(bicyc)Cl2 in distinct ground state
comformations.

4.1.2. Redox Behavior of Complexes

Cyclic voltammetry was performed on solutions of 1 mM analyte with 0.1M [Bu4N][PF6]
supporting electrolyte in 3 Å molecular sieve-dried DMF using a 3 mm glassy carbon working
electrode, a Pt wire counter electrode, and a 0.1 M AgNO3 solution with silver wire pseudoreference electrode with Fc added as an internal reference.
Acenaphthenequinone, and quinones generally, have two characteristic reversible redox
events. A single reduction of a quinones forms a radical anion semiquinone species, while
dianionic species are typically not formally generated due to their instability (Figure 172). Unless
excessively dry solvents and gasses free of Brønsted acids are used, quinone reduction events lead
to the formation of the corresponding hydroquinones.129 These chemical changes lead to deviations
from ideal behavior that are relevant when considering the potential at which these events occur
and their electrochemical reversibility. Hydroquinones and quinones can reversibly form
quinhydrones via hydrogen bonding, behavior which is impacted by the pH of the solution and the
relative concentration of analyte.130,131 Hydroquinones can serve as chemical reductants capable
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of reducing CO2 in a redox process that returns them to their quinone form. The reversable redox
events can be seen in acenaphthenequinone as it is reduced to its semiquinone and hydroquinone
forms, both of which demonstrate current enhancement and irreversibility under CO2, possibly due
to formation of a carbonate
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(Figure 173). All of these factors are relevant for BIAN-based

voltammetry, as the α-diimines of BIAN behave like the α-diketone groups of quinones, though
with more irreversible redox events (Figure 174).126

Figure 172: Redox behavior of acenaphthenequinone to its semiquinone, hydroquinone, and quinhydrone forms.

Figure 173: Cyclic voltammograms of 1 mM acenaphthenequinone in dry DMF with 0.1 M [Bu4N][PF6] as the
supporting electrolyte.
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Figure 174: Above: cyclic voltammograms of 0.6 mM N-p-tolyl BIAN in DMF with 0.1 M NEt4PF6 as the supporting
electrolyte under N2. Below: increasing concentration of analyte: a) 0.5 mM; b) 1 mM (incomplete dissolution); c) 1
mM; d) 1.5 mM. Taken from Viganò et al. (2014).

CV of the Clamshell ligand show peaks similar to those of acenaphthenequinone at −1.34
V and −2.15 V vs Fc/Fc+, though reversibility is subdued for the latter peak (Figure 175). There
are additional irreversible reduction peaks present at −1.59 V and −1.91 V, as well as oxidation
peaks at −0.49 V and +0.50 V. The oxidation peak labelled IIIa in Figure 175 is present in other
BIAN ligands and complexes (labelled IIa in Figure 174) as is attributed to loss of an electron in
the N-Aryl substituent, consistent with calculations showing that this is where the HOMO is
localized (Figure 176).107,126 The N-aryl substituents are not expected to engage in conjugation
with the diimine due to their orthogonality with regard to the BIAN plane. The oxidation peak IIa
at −0.49 V appears in the BIANH2 compounds investigated by Viganò et al. (not labelled in Figure
174) and is attributed by them to oxidation of the BIANH2 moiety; however, we assign this event
to our peak Ia at −1.29 V, as their peak IIa is only seen when starting from the diamine rather than
the diimine, while we do not generate the diamine species until the reduction peak at −1.34 V.
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Furthermore, they report that their Ia peak varies both with concentration and with working
electrode choice, indicating that Ia represents the oxidation to the original BIAN species from
species which persist via interactions with the electrode or additional BIAN equivalents. This peak
(our IIa) also appears in BIAN-cyclam complexes, supporting the idea that this peak represents a
BIAN-based oxidation event, such as oxidation of a semiquinone intermediate.
IIIa

Ia
IIa

IVc

IIc

Ic

IIIc

Figure 175: Cyclic voltammograms of 1 mM 53 in dry DMF with 0.1 M [Bu4N][PF6] as the supporting electrolyte.

Figure 176: Proposed redox mechanism of 53.
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The peak Ic is assigned as the reversible 2e− reduction of BIAN to BIANH2. While dry
reagents were used during CV, it is assumed that adventitious water is present, as sufficient drying
to avoid this would require a drybox.129 The reduction peak observed is consistent with the CV
data from Viganò et al., assuming that the alkyl substituents on the N-aryl groups do not have
significantly different electron induction effects from their N-p-tolyl groups. However, unlike in
the CV of Viganò’s p-CH3C6H4-BIAN, the reduction peak (Ic) is anodically shifted so that the
redox event is largely reversible (ipa/ipc = 1.1) with a peak separation of 0.050 V between peaks Ic
and Ia. This reversibility suggests that the quinhydrone-type aggregate does not form. We
hypothesize this is due to hydrogen bonding between the pendant pyridyl group and the newly
formed N-H bond of the BIANH2 moiety (or a weaker interaction upon single reduction), which
both stabilizes the formation of the acenaphthylenediamine and prevents hydrogen bonding with
an unreduced BIAN group to form a quinhydrone (Figure 177).

Figure 177: Hydrogen bonding between BIANH2 moiety and pendant pyridyl group.

The remaining reduction peaks appear largely consistent with the analysis by Viganò et al.,
sequentially reducing the acenaphthylene backbone, with the final quasi-reversible reduction (IVc)
of the naphthalene backbone to form the radical anion (Figure 178). These events occur at
potentials approximately 0.5 V more positive than those of p-CH3C6H4-BIAN. This anodic shift is
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consistent with electron-withdrawing substituents, however the N-aryl substituents of 53 and the
p-tolyl groups are electronically similar. It is possible that the pyridyl group promotes further
hydrogen bonding and therefore stabilization of the reduced backbone, but this should not impact
the final reduction event. One alternative would be if the orientation of the pyridyl group was
coplanar with the BIAN system as seen in previous studies, which is expected to provide greater
stabilization via delocalization of added electrons by expanding the π-system in a π- π stacking
interaction.120
While the non-innocence of the BIAN system is valuable for multi-electron transfer during
CO2 reduction, this behavior complicates analysis of voltammetry when clamshell is bound to a
redox-active metal center.30 CV of the Zinc complex 63 was performed in order to investigate how
the redox activity of the Clamshell ligand changes when coordinated to a metal, and therefore no
longer capable of reduction to the BIANH2 state. Zinc is considered redox-inactive with a
persistent +2 oxidation state, and has an established use in the synthesis of BIAN ligands via the
metal-templating route.79 Cyclic voltammetry of 63 was hindered by poor technique, but it is clear
that the reduction peaks leading to a BIANH2 species have disappeared (Figure 178). Reduction
potentials under N2 are obscured, but two major reduction peaks appear under CO2 with enhanced
current, suggesting that the reduced BIAN species is capable of interacting with CO2 in a nonreversible manner (Figure 179). Finally, there are two oxidation peaks between 0 V and −0.3 V.
The sharpness of these peaks and a decrease in current when solution is saturated with CO2 may
suggest oxidation of aggregates at the electrode or leakage of Ag+ from the reference electrode,
but without further investigation we can make no claims about these peaks.
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Figure 178: Cyclic voltammograms of 1 mM 63 under N2 in dry DMF with 0.1 M [Bu4N][PF6] as the supporting
electrolyte. CV initiated from +600 mV.

Figure 179: Cyclic voltammograms of 1 mM 63 in dry DMF with 0.1 M [Bu4N][PF6] as the supporting
electrolyte. CV initiated from +600 mV.
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Despite its widespread use for catalysis with the 2,2ʹ-bipyridine ligand system, manganese
has rarely been investigated with BIAN for this application. A Mn(BIAN)Cl2 complex has
previously demonstrated BIAN-only redox events similar to an analogous Co(BIAN)Cl2
complex.94 We neglected to make an analogous Mn(Clam)Cl2 complex. A Mn(BIAN)(CO)3Br
complex demonstrated CO lability in a manner similar to Mn(R-bpy)(CO)3Br complexes discussed
in Chapters 2 and 3, but no electrochemical analysis of it was performed.96
Cyclic voltammetry of 61 under N2 demonstrated redox behavior somewhat similar to that
of Mn(bpy)(CO)3Br complexes, with peaks corresponding to dimer formation as well as reductive
cleavage (Figure 180). These peaks suggest that Clamshell, and BIAN ligands more generally,
allow for the same Mn-Br cleavage and subsequent radical localization at the metal center allowing
for Mn-Mn bond formation as seen in other Mn α-diimine complexes (Figure 11). These peaks are
less sharp than those for Mn(R-bpy)(CO)3Br species, however, with the reductive cleavage peak
at −1.16 V not clearly seen at low scan rates, and the oxidative cleavage peak at −0.41 V only seen
at 20 mV/s. The two successive reduction peaks at −1.04 V and −1.16 V appear to lead to the
formation of an anionic Mn(Clam)(CO)3− species based on the analogous process in Mn(Rbpy)(CO)3Br species, though it is not clear if this occurs via the formation of a dimer or through
two successive 1 e− reduction events. The oxidation peak at −1.03 V is suggestive of a dimer,
especially given the oxidation peak at −0.41 V which is typically indicative of dimer cleavage in
Mn(R-bpy)(CO)3Br species. The remaining reduction peaks at −1.42 V, −1.70 V, −1.87 V, and
−2.30 V are presumed to be ligand-based.
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Figure 180: Cyclic voltammograms of 1 mM 61 in dry DMF with 0.1 M [Bu4N][PF6] as the supporting electrolyte.

The formation of a dimer for Mn(Clam)(CO)3Br is surprising for a number of reasons.
First, the electron-delocalization effect of BIAN is greater than for bipyridine, as evidenced by
UV-Vis absorption at a higher wavelength (MLCT λmax = 535 nm, vs 416 nm for Mn(bpy)(CO)3Br
(3)) as well as the reduction to the anionic species at a less negative potential (−1.16 V, vs −1.67
V for 3 and −1.28 for Mn(bqn)(CO)3Br (26).91 Formation of the Mn-Mn bond is due in part to the
localization of the Mn0 radical on the metal center, which is less favored for species with greater
delocalization of that lone electron into the ligand framework.31,51 Second, the axial pyridyl group
should prevent coordination to the metal center either by direct steric influence or by electronic
repulsion through the dz2 orbital, in the manner described for 53 to avoid axial coordination during
olefin polymerization.116 The formation of a dimer would suggest limited interaction between the
pyridyl group and the metal center. This could be due to a co-planar orientation to further stabilize
the delocalized radical electron, or complete non-interaction due to planar chirality, with the
pendant group on the same face as the axial CO ligand.120 It is possible that some dimer formation
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is hindered by the presence of the axial group, but this cannot be determined without performing
voltammetry on a Mn(BIAN)(CO)3Br species without the pendant pyridyl group, with the titration
of pyridine as a co-ligand. The same is true for determining if coordination of the pyridyl group to
the Mn(Clam)(CO)3+ species occurs.
CV of 61 under CO2 shows the appearance of an oxidation peak at −0.4 V under a wider
variety of scan rates than under N2, consistent with other clamshell complexes. This peak also
appears under CO2 during CV of 61, 62, 54, and 66, indicating that the intermediate formed upon
binding of CO2 to the metal center is not fully reduced and is instead oxidized at this position
(Figure 181). The reduction peaks demonstrate modest current enhancement. The peak at −1.42 V
has disappeared, while the modest peak at −1.70 V has shifted anodically to −1.61 V (icat/ip = 1.64)
and the peak at −1.87 V has shifted cathodically to −1.97 V (icat/ip = 1.74 V). Addition of Brønsted
acids EtOH and TFE slightly decreased the current at −1.70 V and the current at −1.97 V, with
TFE leading to a catalytic current response with an onset at −2.21 V (Figure 182). The use of this
complex for catalytic CO2 reduction is suboptimal given the significant electronic differences
between BIAN and bpy, though investigation of a non-clamshell Mn(BIAN)(CO)3Br would enable
us to make claims about the impact of the pendant pyridyl group on the redox behavior of 61.
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Figure 181: Cyclic voltammograms of 1 mM 61 under CO2 in dry DMF with 0.1 M [Bu4N][PF6] as the supporting
electrolyte.
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Figure 182: Cyclic voltammograms of 1 mM 61 under catalytic and non-catalytic conditions in dry DMF with 0.1 M
[Bu4N][PF6] as the supporting electrolyte. Scan rate = 100 mV/s.

CV of Co(Clam)Cl2 62 reveals two irreversible reduction peaks at −1.37 V and −1.61 V,
corresponding to reduction of the metal, leading to halide diffusion away from the complex (Figure
183). The impact of the BIAN group is evident in comparison to the reduction peaks of Co(ClamDAD)Cl2 72, which do not appear until −2.05 V at 100 mV/s (Figure 184). The peak at −1.61 V is
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slightly anodic to literature Co-BIAN complexes as well as less reversible, suggesting a favorable
interaction with the pyridyl group.94 The current of the peaks for 62 is enhanced under CO2,
presumably due to binding by Co(I). The oxidation peak at −0.4 V could be the BIAN-based
oxidation mentioned previously or could correspond to the Co(III)/Co(II) redox couple. Its
appearance exclusively under CO2 suggests an interaction with bound CO2, which would mean
that CO2 is not actually reduced following binding. This peak also appears for Co(Bicyc)Cl2 66,
and is enhanced by the presence of Brønsted acids, supporting the formation of a Co-COOH
species which is not reduced within the examined scan window and is instead oxidized at
approximately −0.4 V for the investigated complexes.

Figure 183: Cyclic voltammograms of 1 mM Co(Clam)Cl2 62 in dry DMF with 0.1 M [Bu4N][PF6] as the supporting
electrolyte, 100 mV/s, under N2 and CO2.
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Figure 184: Cyclic voltammograms of 1 mM Co(Clam-DAD)Cl2 72 in dry DMF with 0.1 M [Bu4N][PF6] as
the supporting electrolyte, 100 mV/s, under N2 and CO2. CV initiated at +600 mV.

Small amounts of water were added to 62 under CO2 to probe for catalytic behavior
dependent on proton transfer steps (Figure 185). Due to the water sensitivity of the BIAN group
and the solvatochromism of the complex, aliquots of 1% molar equivalents of water were added,
rather than aliquots of 1% solution volume equivalents. Addition of 1 mol% water increased the
current at both reduction potentials, but further additions led to a decrease in the current response.
We attribute this to hydrolysis of the BIAN framework, making water a poor choice of Brønsted
acid for this complex.
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Figure 185: Cyclic voltammograms of 1 mM Co(Clam)Cl2 62 in DMF with 0.1 M [Bu4N][PF6] as the supporting
electrolyte, under CO2, with water added as a molar percentage of analyte concentration.

Cyclic voltammetry of Ni(Clam)Br2 54 under N2 and standard conditions reveal somewhat
inconsistent peak potentials, with oxidation peaks appearing between 0 V and −0.5 V, as well as
oxidation peaks between +0.3 V and +0.5 V, as seen in other BIAN complexes (Figure 186).
Reduction peaks at a scan rate of 1000 mV/s occur at −0.46 V and −1.21 V, while these are absent
at 100 mV/s, which has a peak at −1.78 V. None of these reduction peaks can be clearly seen under
CO2, though a new reduction peak appears at −0.96 V at 1000 mV/s (Figure 187). It is
recommended that these scans be repeated prior to establishing firm conclusions.
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Figure 186: Cyclic voltammograms of 1 mM 54 under N2 in dry DMF with 0.1 M [Bu4N][PF6] as the supporting
electrolyte.

Figure 187: Cyclic voltammograms of 1 mM 54 under CO2 in dry DMF with 0.1 M [Bu4N][PF6] as the supporting
electrolyte.

The lack of clear reduction peaks may indicate that 54 does not accept electrons at the
modest potentials that 62 did. The addition of 5% (v/v) TFE under CO2 does demonstrate clear
current enhancement at −2.02 V (icat/ip = 2.78) (Figure 188). This potential is significantly more
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negative than those which resulted in ligand-based current enhancement under CO2 for 63 (Figure
179), limiting the use of this complex as a CO2 reduction catalyst. However, an investigation into
the products formed upon CPE should be performed, as the decrease in current at the oxidation
potential at −0.4 V upon addition of CO2 and TFE suggests that the reduced nickel can interact
with these substrates, decreasing the availability of Ni+ for oxidation.

Figure 188: Cyclic voltammograms of 1 mM 54 under CO2 in dry DMF with 0.1 M [Bu4N][PF6] as the supporting
electrolyte and TFE added as a proton source.
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Cyclic voltammetry of BIAN-cyclam ligand 65 (Figure 189) reveals several redox peaks
that are obscured by the sensitivity of the method used. The first reduction at −0.6 V is
quasireversible and is attributed to 1e− reduction of the BIAN moiety. Further reduction at −1.1 V
is irreversible while a larger reduction at −1.6 V is reversible. It is unclear whether any of these
events would lead to formation of a BIANH2 group, given the role of hydrogen bonding between
the α-diimine and the secondary amine groups, but this would explain the irreversibility of the
peak at −1.1 V if it coincided with a proton transfer (Figure 190). Either way, the formation of a
quinhydrone-like species is likely disfavored by the alkylamine bridge. Despite the poor
resolution, when taken together these peaks suggest a similar redox paradigm as the clamshell and
other BIAN-based compounds. Repeating this experiment with refined techniques would likely
allow for a more thorough analysis. Regardless, the peaks at −1.1 V and −1.6 V are also found in
Co(bicyc)Cl2 66, supporting their determination as ligand-based reductions.

Figure 189: Cyclic voltammograms of 1 mM 65 under N2 in dry DMF with 0.1 M [Bu4N][PF6] as the supporting
electrolyte.
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Figure 190: Reduction pathway of BIAN-cyclam 65.

Cyclic voltammetry of 66 shows two reduction peaks and one oxidation peak, all
irreversible, similar to the behavior of 62, indicating that the pendant groups are not being directly
reduced or oxidized, while the primary coordination sphere is (Figures 191, 192). The oxidation
and second reduction peaks are primarily seen only under CO2, and are enhanced slightly with the
addition of Brønsted acids EtOH and TFE. Water and methanol were not used due to their binding
of the metal center, which disrupts the consistency of the electrochemical trials, as well as the
possibility of BIAN hydrolysis. Despite being much more acidic, TFE did not show greater
enhancement of current than EtOH did, indicating that the rate-limiting step of any catalytic cycle
is not a protonation step (or that the TFE trial was flawed in its execution). Thus, for Co(Bicyc)Cl2
as for Co(Clam)Cl2, the pendant group is not assisting catalysis via a proton-transfer event, though
it is possible that they still assist by stabilizing CO2 binding.106
The greatest current enhancement with 5% EtOH occurs at −1.65 V, the second reduction
potential (icat/ip = 2.2). If the first reduction peak, present even under N2, corresponds to loss of
Cl−, then the second potential could be reduction of the BIAN to give a formal Co(I), the active
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species for cobalt CO2 reduction catalysis. This metal center could bind CO2 in its now-vacant
active site, an event which would be stabilized by available Brønsted acid. However, given the
modest current enhancement and the increasing presence of the oxidation peak at −0.6 V, catalysis
is unlikely to occur. CO2 binding would lead to a stable intermediate, which is oxidized at −0.6 V.
Although the complex is more stable in the presence of a non-coordinating Brønsted acid than with
water or methanol, it is still unable to reduce CO2 under these conditions. Catalysis at a more
negative potential may be possible, but because enhancement is unaffected by acidity, it is unlikely
that the pendant groups are offering a significant advantage, and that catalysis is potential-limited,
not proton-limited.

Figure 191: Cyclic voltammograms of 1 mM 66 in dry DMF with 0.1 M [Bu4N][PF6] as the supporting electrolyte,
under CO2 with dry EtOH added as percentage of the solution volume. Distinct sample under N2 added for comparison.
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Figure 192: Cyclic voltammograms of 1 mM 66 in dry DMF with 0.1 M [Bu4N][PF6] as the supporting electrolyte,
under CO2 with dry TFE added as percentages of the solution volume. Distinct sample under N2 added for comparison.

4.2. Experimental

4.2.1. Synthesis of the Clamshell Ligand

Figure 193: Synthesis of 67.

67:

2,6-bis[2-(2-nitrophenyl)ethenyl]pyridine45
2-nitrobenzaldehyde (8.66 g, 57.3 mmol, 3.3 eq), 2,6-lutidine (2.0 mL, 17 mmol, 1 eq), and

acetic anhydride (9.75 mL, 104 mmol, 6 eq) were combined in a 50 mL round-bottomed flask. The
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solution was heated at reflux for a day while stirring to produce a dark brown solution. The reaction
was followed by TLC with 90%/10% DCM/Hexanes. The solution was cooled, extracted with
DCM and 10% NaOH in water, dried with Na2SO4, and concentrated. The yellow product was
separated from residual bright yellow 2-nitrobenzaldehyde with a dry-loaded flash column with
90%/10% DCM/Hexanes eluent (5.68 g, 88%). 1H NMR: (400 MHz, CDCl3, δ) 8.08 (d, 2H, J =
16.0 Hz), 8.01 (dd, 2H, J = 8.2, 1.3 Hz), 7.85 (dd, 2H, J = 7.9, 1.2 Hz), 7.73 (t, 1H, J = 7.8 Hz),
7.65 (td, 2H, J = 7.3, 1.2 Hz), 7.45 (m, 4H), 7.21 (d, 2H, J = 16.0 Hz).
An alternate synthesis involved the use of only 2 equivalents of 2-nitrobenzaldehyde to
generate a significant amount of mono-substituted product. A column separation was skipped and
instead performed after the following synthetic step to produce 2-(6-methyl-2-pyridineyldi-2,1ethanyl)benzeneamine for use in Chapter 5. An alternate purification method was developed to
recrystallize the disubstituted product using cold acetonitrile, though with a lower yield (62%).

Figure 194: Synthesis of 68.

68:

2,2ʹ-(2,6-pyridinediyldi-2,1-ethanediyl)bisbenzeneamine45
67 (5.68 g, 15.2 mmol) was placed in a 250 mL round-bottomed flask and dissolved in

THF (100 mL). This solution was transferred via cannula into a Schlenk flask with 10% Pd/C
catalyst (0.97 g, 0.91 mmol, 0.06 eq Pd). A hydrogen balloon was affixed via septum and the
solution was left to stir for 2-3 days until the solution developed a green hue on the surface, refilling
the hydrogen balloon as necessary. The flask was purged with N2 prior to exposure to atmosphere.
The reaction was followed by TLC with 50%/50% EtOAc/Hexanes. The product was filtered
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through Celite with THF eluent and concentrated to yield a yellow solid (3.83 g, 79%). The product
was recrystallized in DCM/Hexanes in cases of >10% impurity. The presence of product amine
was detected by ninhydrin stain. 1H NMR: (400 MHz, CDCl3, δ) 7.46 (t, 1H, J = 7.5 Hz), 7.04 (m,
4H), 6.93 (d, 2H, J = 7.7 Hz), 6.71 (t, 2H, J = 7.4 Hz), 6.66 (d, 2H, J = 7.9 Hz), 3.90 (br s, 4H,
NH), 3.08 (t, 4H, J = 8.5 Hz), 2.95 (t, 4H, J = 8.2 Hz).
A literature method using zinc as the reducing agent and ammonium chloride as the proton
source was not found to be effective.127 An alternate procedure was used to achieve a more
thorough conversion (89%) by performing the hydrogenation in a pressurized jar at 30 psi. Higher
pressures may enable this reaction in the absence of Pd catalyst.
A monosubstituted product has also been isolated by flash chromatography, described in
detail in Chapter 5. 1H NMR: (400 MHz, CDCl3, δ) 7.46 (t, 1H, J = 7.6 Hz), 7.07 (d, 1H, J = 6.9
Hz), 7.04 (td, 1H, J = 7.5, 1.5 Hz), 6.99 (d, 1H, J = 7.4 Hz), 6.90 (d, 1H, J = 7.7 Hz), 6.72 (td, 1H,
J = 7.4, 1.4 Hz), 6.67 (dd, 1H, J = 7.9, 1.2 Hz), 3.89 (br s, 1H (Other proton is H-bonding to
pendant pyridyl group)), 3.07 (t, 2H, J = 8.4 Hz), 2.95 (t, 2H, J = 8.3 Hz), 2.57 (s, 3H).

Figure 195: Synthesis of 53.

53:

Clamshell,

5,6,12,13-tetrahydro-11,7-nitrilo-7H-acenaphtho[1,2-

b]dibenzo[e,p][1,4]diazacycloheptadecine45
68 (1.0053 g, 3.1670 mmol, 1 eq), acenaphthenequinone (0.5751 g, 3.157 mmol, 1 eq), and
para-toluenesulfonic acid monohydrate (0.0703 g, 0.370 mmol, 0.1 eq) were stirred in a round206

bottomed flask. Toluene was added to bring the concentration of the dianiline to 10 mM to avoid
polymerization (320 mL). The solution was refluxed for a full day with a Dean-Stark apparatus
charged with Na2SO4. The reaction was followed by TLC in 50/50 EtOAc/Hexanes. The product
was concentrated without extraction to a viscous dark red oil and purified via column
chromatography using 2% triethylamine, 20% DCM, and 78% Hexanes to yield a red-orange solid
(1.3389 g, 91%). 1H NMR: (400 MHz, CDCl3, δ) 7.84 (d, 2H, J = 8.1 Hz), 7.42 (d, 2H, J = 7.4 Hz),
7.35 (m, 4H), 7.23 (t, 2H, J = 7.9 Hz), 7.03 (m, 4H), 6.90 (d, 2H, J = 7.1 Hz), 6.59 (d, 2H, J = 7.4 Hz),
2.87 (br t, 12H).

A scale-up of this procedure was performed at a 2.5 g scale and purified via
recrystallization with cold acetonitrile, with diminished yield (65%).

4.2.2. Synthesis of Clamshell Metal Complexes via Complexation

Figure 196: Synthetic Method for Direct Complexation of Clamshell Complexes.

General Procedure133
Clamshell ligand 53 (1 eq) was dissolved in DCM (5 mL) and added dropwise to a
suspension of metal salt (1 eq) in dry solvent (5 mL). The mixture was stirred under N2 at room
temperature overnight, up to 24 hours. Solvent was removed in vacuo, and the product was
suspended in diethyl ether or hexanes and filtered to remove unreacted ligand.
Manganese complex 61 was characterized by IR spectroscopy. Cobalt complexes were
characterized by UV-Vis spectroscopy. Nickel complexes were characterized by Mass
Spectrometry when possible. Crystals were grown of Co(Clam)Cl2 and Ni(Clam)Br2.
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61: Mn(Clam)(CO)3Br, Manganese Tricarbonyl (5,6,12,13-tetrahydro-11,7-nitrilo-7Hacenaphtho[1,2-b]dibenzo[e,p][1,4]diazacycloheptadecine-κN18,κN25) Bromide
Clamshell ligand 53 (0.1993 g, 0.4299 mmol, 1 eq) and Mn(CO)5Br (0.1183 g, 0.4304
mmol, 1 eq) were dissolved in dry THF (20 mL) in a 50 mL Schlenk flask covered in aluminum
foil to give a dark red-brown solution. The mixture was heated to 40°C for 18 hours to give a deep
purple solution. THF was removed in vacuo and product was suspended in ether, sonicated, and
filtered on a fine glass frit filter to yield a purple solid (0.1008 g, 34%). FTIR (ATR) νCO: 2020,
1949, 1913 cm−1. UV−vis (λmax, nm; CH3CN): 315, 329, 535.

62:

Co(Clam)Cl2,

Dichloro(5,6,12,13-tetrahydro-11,7-nitrilo-7H-acenaphtho[1,2-

b]dibenzo[e,p][1,4]diazacycloheptadecine-κN18,κN25) Cobalt
Clamshell ligand 53 (0.1002 g, 0.2162 mmol, 1 eq) and anhydrous CoCl2 (0.0284 g, 0.219
mmol, 1 eq) were suspended in MeOH (20 mL) to generate an amber suspension, gradually turning
deep red. The mixture was stirred under N2 at room temperature overnight. Solvent was removed
in vacuo and product was resuspended in hexanes and filtered to remove ligand. Washing the solid
with MeOH or acetone produced a green filtrate which was concentrated to yield a dark green solid
(0.0982 g, 77%). A crystal of the product was grown via 2-solvent diffusion of DCM and hexanes.
UV−vis (λmax, nm; DMF): 610, 675.

54:

Ni(Clam)Br2,

Dibromo

(5,6,12,13-tetrahydro-11,7-nitrilo-7H-acenaphtho[1,2-

b]dibenzo[e,p][1,4]diazacycloheptadecine-κN18,κN25) Nickel
Clamshell ligand 53 (1.0005 g, 0.2158 mmol, 1 eq) was dissolved in DCM (5 mL) and
added dropwise to a suspension of Ni(DME)Br2 (0.0520 g, 0.164 mmol, 0.8 eq) in DCM (5 mL)
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and acetone (1 mL), which was sonicated to improve solubility. The mixture was stirred under N2
at room temperature for 24 hours. Filtration yielded a solid red product (0.1364 g, 97%). A crystal
of the product (containing residual DCM and MeOH) was grown via vapor diffusion with ethyl
acetate and hexanes. Another crystal was grown via vapor diffusion with methanol. ESI-MS: 464
[Clamshell 53]+, 492 [(Clam)2Ni]2+

69:

Ni(Clam)(OTf)2, Bis(trifluoromethanesulfonate) (5,6,12,13-tetrahydro-11,7-nitrilo-

7H-acenaphtho[1,2-b]dibenzo[e,p][1,4]diazacycloheptadecine-κN18,κN25) Nickel
In a glovebox, Clamshell ligand 53 (1.0000 g, 0.2157 mmol, 1 eq) was dissolved in DCM
(5 mL) and added dropwise to a suspension of Ni(OTf)2 (0.0486 g, 0.136 mmol, 0.6 eq) in DCM
(5 mL) to form a dark red solution. The mixture was stirred at room temperature for 24 hours.
Solvent was removed in vacuo to produce a red-brown solid, which was washed with diethyl ether
to yield a yellow filtrate that was soluble in MeOH but not toluene (0.1676 g, 94%). ESI-MS: 492
[(Clam)2Ni]2+, −149 [OTf]−.

70:

Ni(Clam)(CO)2, Dicarbonyl (5,6,12,13-tetrahydro-11,7-nitrilo-7H-acenaphtho[1,2-

b]dibenzo[e,p][1,4]diazacycloheptadecine-κN18,κN25) Nickel
Clamshell ligand 53 (0.2020 g, 0.433 mmol, 1 eq) and Ni(PPh3)2(CO)2 (0.2715 g, 0.432
mmol, 1 eq) were dissolved in toluene (40 mL) in a 100-mL Schlenk flask and refluxed under N2
for 20 hours. At room temperature the solution was amber-colored, turning to dark brown by 60°C,
developing a green tint by 75°C, black with a purple tint at 95°C, and fully purple by 111°C. Once
purple, exposure to any oxygen leads to the solution turning brown, which is soluble in diethyl
ether during filtration. Toluene was removed in vacuo before resuspending the crude product and
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filtering through a Schlenk filter flask. The solid starting material contained some
triphenylphosphine oxide, as did the product filtrate, which could not be further purified,
preventing an accurate yield. FTIR (ATR) νCO: 1721 cm−1.

71:

Ni(Clam)(COD)2,

Bis(cyclooctadienyl)

(5,6,12,13-tetrahydro-11,7-nitrilo-7H-

acenaphtho[1,2-b]dibenzo[e,p][1,4]diazacycloheptadecine-κN18,κN25) Nickel
In a glovebox, Clamshell ligand 53 (0.1010 g, 0.216 mmol, 1 eq) in a 50 mL Schlenk flask
and Ni(COD)2 (0.0615 g, 0.224 mmol, 1 eq) in a vial were dissolved separately in diethyl ether
(2x5 mL). The ligand solution was added dropwise to the metal solution, producing a purple color.
The solution was stirred at room temperature for 3 days with no further color change. Solvent was
removed in vacuo, yielding a purple solid (0.0894 g, 65%).

4.2.3. Synthesis of Clamshell and Clamshell-like Metal Complexes via Templating

Figure 197: Method for Metal Templating Synthesis of Clamshell Complexes.

General Procedure79
Acenaphthenequinone and a metal salt were suspended in acetic acid. The suspension was
heated to 60°C before adding the dianiline 68, then heated to reflux for 45 minutes. The suspension
was filtered while hot through a Büchner funnel. The product was not seen by 1H NMR
spectroscopy, consistent with other M(Clam)X2 complexes. Complexes generally displayed
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solvatochromism and were very soluble in DMF, somewhat soluble in MeOH, and slightly soluble
in DCM. Refluxing for longer than 45 minutes led to a decrease in purity and yield. Residual acetic
acid and acetic acetate was observed by most characterization methods, including smell.

62:

Co(Clam)Cl2,

Dichloro(5,6,12,13-tetrahydro-11,7-nitrilo-7H-acenaphtho[1,2-

b]dibenzo[e,p][1,4]diazacycloheptadecine-κN18,κN25) Cobalt
Acenaphthenequinone (0.0520 g, 0.285 mmol, 1 eq) and CoCl2•H2O (0.1948 g, 0.8187
mmol, 3 eq) were suspended in acetic acid (30 mL). Without heating, the suspension turned from
yellow to green. Upon heating to 60°C, the suspension became light blue, then deep blue once
everything dissolved fully. Upon adding 68 (0.1019 g, 0.3210 mmol, 1.15 eq), a bright green
precipitate formed. The suspension became dark green upon refluxing for 45 minutes, which was
filtered while hot through a Büchner funnel to yield a light green filtrate and a dark green solid
product (0.1184 g, 70%). UV−vis (λmax, nm; DMF): 610, 675.

54:

Ni(Clam)Br2,

Dibromo

(5,6,12,13-tetrahydro-11,7-nitrilo-7H-acenaphtho[1,2-

b]dibenzo[e,p][1,4]diazacycloheptadecine-κN18,κN25) Nickel
Acenaphthenequinone (0.1013 g, 0.5560 mmol, 1 eq) and NiBr2 (0.3600 g, 1.647 mmol, 1
eq) were suspended in acetic acid (30 mL). The suspension was heated to 60°C before adding 68
(0.20 g, 0.63 mmol, 1.15 eq), then heated to reflux for 45 minutes to make an orange-brown
suspension, which was filtered while hot through a Büchner funnel to remove the dark brown
filtrate, leaving the orange/rust-colored solid product (0.1812 g, 48%). MS: 318 [Dianiline 68]+,
464 [Clamshell 53]+.
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63:

Zn(Clam)(OC(O)CH3)2,

(5,6,12,13-tetrahydro-11,7-nitrilo-7H-acenaphtho[1,2-

b]dibenzo[e,p][1,4]diazacycloheptadecine-κN18,κN25) Zinc Acetate
Acenaphthenequinone (0.0500 g, 0.274 mmol, 1 eq) and Zinc dust (0.0614 g, 0.939 mmol,
3 eq) were suspended in acetic acid (30 mL). The grey suspension was heated to 60°C. 68 (0.0985
g, 0.310 mmol, 1.15 eq) was added and the mixture was heated to reflux for 20 minutes until no
solid remained and the solution became a deep red. Refluxing continued for 1 hour, and the mixture
was filtered on a Büchner funnel while hot. The filtrate was concentrated to produce a white
powder (0.2008 g, 101%).

Figure 198: Synthesis of 72.

72:

Co(Clam-DAD)Cl2,

Dichloro

(5,6,12,13-tetrahydro-11,7-nitrilo-

dibenzo[e,p][1,4]diaza[2,3]dimethylcycloheptadecine-κN1,κN4) Cobalt
Anhydrous CoCl2 (0.1049 g, 0.8079 mmol, 3 eq) was suspended in acetic acid (30 mL).
Excess yellow liquid 2,3-butanedione (0.25 mL, 2.9 mmol, 10 eq) was added but was not miscible.
Upon heating to 60°C, more solid dissolved leading to a blue solution. Upon addition of 68 (0.0992
g, 0.313 mmol, 1.15 eq), the solution turned from sapphire blue to turquoise immediately. The
mixture was heated to 100°C, slightly above the boiling point of 2,3-butanedione, for 1 hour until
the suspension turned from light green to dark green. Filtering on a Büchner funnel while hot
yielded a light green solid (0.1261 g, 81%). UV−vis (λmax, nm; DMF): 610, 675.
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Figure 199: Synthesis of 73.

73:

Co(Halfshell)Cl2,

2,2ʹ-(2,6-pyridinediyldi-2,1-ethanediyl)bisbenzeneamine

Cobalt

dichloride
68 (0.0493 g, 0.155 mmol, 1.15 eq) and anhydrous CoCl2 (0.0188 g, 0.145 mmol, 1 eq)
were suspended in acetic acid (25 mL) in a dry 50 mL round-bottomed flask and refluxed under
N2 for 45 minutes until a blue-green suspension formed. The mixture was filtered while hot through
a Büchner funnel to yield a teal solid and a dark green filtrate, which produced more solid product
upon cooling and filtering again. Over time, this filtrate turned pink, suggesting interaction with
water, and became a thick purple liquid upon concentration. The teal product formed a green
solution when dissolved in DMF (44.0 mg, 94%). UV−vis (λmax, nm; DMF): 610, 675.

4.2.4. Synthesis of Sulfonated-Clamshell Compounds

Figure 200: Synthesis of 74.

74:

2,2ʹ-(2,6-pyridiniumdiyldi-2,1-ethanediyl)-bisbenzeneammonium-4,4ʹ Sulfonic Acid

Sulfate87
68 (0.1007 g, 0.3172 mmol) and 12 M H2SO4 (1 mL) were added to a dry 2 mL roundbottomed flask and heated to 170°C for 2.5 hours under N2 until the solid starting material
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dissolved and the solution became brown. The suspension was added to a beaker of ice water (100
mL), which was boiled and cooled slowly to 0°C to recrystallize the product, which was filtered
through a Büchner funnel and rinsed with DCM and MeOH. The filtrate was concentrated to a
thick brown liquid, and carbon black suspended in water was added to remove excess H2SO4.
Filtering produced a light yellow filtrate, which was concentrated to a light brown solution with
residual water remaining, precluding an accurate mass assessment. 1H NMR: (400 MHz, D2O, ):
8.22 (t, 1H, J = 8.2 Hz), 7.57 (m, 4H), 7.33 (d, 2H, J = 8.3 Hz), 7.25 (d, 2H, J = 1.9 Hz), 3.21 (t,
4H, J = 6.7 Hz), 3.03 (t, 4H, J = 7.0 Hz).

Figure 201: Synthesis of 75.

75:

Disodium 2,2ʹ-(2,6-pyridinediyldi-2,1-ethanediyl)-4,4ʹ-sulfanatobisbenzeneamine
A sample of 74 (prior to carbon black treatment) was reacted with a solution of NaHCO3

to bring the solution to a pH of 8, generating bubbles. This solution was lyophilized to remove
water, producing a dry brown powder that was insoluble in organic solvents and had an inflated
mass due to excess salts. 1H NMR: (400 MHz, D2O, ): 7.40 (t, 1H, J = 8.1 Hz), 7.26 (dd, 2H, J
= 8.2, 1.7 Hz), 7.12 (d, 2H, J = 2.0 Hz), 6.85 (d, 2H, J = 7.8 Hz), 6.65 (d, 2H, J = 8.4 Hz), 2.88 (t,
4H, J = 6.9 Hz), 2.73 (t, 4H, J = 7.7 Hz).
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Figure 202: Synthesis of 76.

76:

Co(Clam-SO3)Cl2,

Dichloro(5,6,12,13-tetrahydro-11,7-nitrilo-7H-acenaphtho[1,2-

b]bis[4,4ʹ-disulfonato]benzo [e,p][1,4]diazacycloheptadecine-κN18,κN25) Cobalt
Acenaphthenequinone (0.0358 g, 0.197 mmol, 1 eq) and CoCl2 (0.0891 g, 0.686 mmol, 1
eq) were suspended in acetic acid (30 mL) in a 50 mL round-bottomed flask and heated to 60°C.
Crude 75 (0.2895 g, 0.3786 mmol, 1.15 eq) was mixed with a small amount of acetic acid to avoid
a violent reaction before being added to the reaction mixture. Upon addition, the blue solution
darkened and formed a suspension. After refluxing for 45 minutes, the solution was cooled to room
temperature before filtering on a Büchner funnel, leaving a light brown solid and a transparent
dark blue solution. A pellet of NaOH was added, turning the solution purple and generating heat.
The solution formed a buffer of acetic acid and sodium acetate, preventing pH from rising above
4. The solution was concentrated to a light purple solid and redissolved in dry ethanol, precipitating
white chunks. The suspension was filtered through a fine glass frit overnight, leaving a solid yellow
powder that was soluble only in water and a dark purple filtrate solution. Concentrating this left a
dark purple solid that was soluble in D2O but gave no NMR signal. UV−vis (λmax, nm; DMF): 610,
645, 675.
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4.2.5. Synthesis of the BIAN-cyclam Ligand

Figure 203: Synthesis of 77.

77:

N1,N2-bis[(2-nitrophenyl)methylene]-1,2-ethanediamine127
2-nitrobenzaldehyde (3.042 g, 20.00 mmol, 2 eq) was dissolved in dry MeOH (60 mL)

before adding ethylenediamine (0.67 mL, 1.0 mmol, 1 eq) diluted in dry MeOH (60 mL). The
solution was refluxed overnight (18 hours) until a dark brown with a green tint and concentrated
to produce an impure brown solid with yellow flecks (3.43 g, 53%). 1H NMR: (400 MHz, CDCl3,
δ) 8.73 (s, 2H), 8.06 (d, 2H, J = 7.9 Hz), 7.98 (d, 2H, J = 8.0 Hz), 7.66 (t, 2H, J = 7.8 Hz), 7.55 (t, 2H,
J = 7.9 Hz), 4.08 (s, 4H).

84
Figure 204: Synthesis of 84.

84:

N1,N2-Bis(2-nitrobenzyl)ethane-1,2-diamine127
2-nitrobenzaldehyde (7.3884 g, 48.570 mmol, 2 eq) was dissolved in CHCl3 (40 mL) and

was added to a solution of ethylenediamine (1.7 mL, 25 mmol, 1 eq) in CHCl3 (60 mL) in a 200
mL round-bottomed flask and refluxed for 2 days, following by TLC (50/50 EtOAC/hexanes). The
yellow solution was cooled and concentrated in vacuo to an orange powder, which was redissolved in dry MeOH (150 mL) with heating. Once fully dissolved, the solution was cooled to
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room temperature, and NaBH4 (3.6884 g, 97.500 mmol, 4 eq) was added over the course of 1 hour,
producing heat. The yellow suspension was concentrated and extracted with CHCl3 and 10%
NaOH aqueous solution, dried with Na2SO4, and concentrated to a thick orange oil (7.16 g, 89%).
1

H NMR: (400 MHz, CDCl3,δ) 7.94 (dd, 2H, J = 8.2, 1.2 Hz), 7.59 (m, 4H), 7.40 (td, 2H, 7.8, 1.7 Hz),

4.04 (s, 4H), 2.77 (s, 4H).

Figure 205: Synthesis of 78 from 84.

78:

2-((2-(2-Aminobenzylamino)ethylamino)methyl)benzenamine45
84 (7.16 g, 21.7 mmol, 1 eq), 10% Pd/C (1.38 g, 1.3 mmol, 0.06 eq Pd), and dry THF (200

mL) were added to a 500 mL round-bottomed flask and purged with N2, and then backfilled with
H2 via balloon. A hydrogen balloon was affixed to the septum and refilled daily for 2 days and
followed by TLC (50/50 EtOAc/hexanes). The flask was purged with N2 for 15 minutes. The
reaction mixture was filtered through Celite to remove Pd/C, leaving a yellow solution that was
concentrated to a yellow-orange oil (5.74 g, 97%). 1H NMR: (400 MHz, CDCl3, δ) 7.08 (t, 2H, J =
7.6 Hz), 7.01 (d, 2H, J = 7.4 Hz), 6.66 (m, 4H). 3.76 (s, 4H), 2.76 (s, 4H).

Figure 206: Synthesis of 78 from 77.

78:

2-((2-(2-Aminobenzylamino)ethylamino)methyl)benzenamine
Crude 77 (3.43 g, 10.5 mmol, 1 eq), 10% Pd/C (1.12 g, 1.05 mmol, 0.06 eq Pd), and dry

THF (20 mL) were added in a glovebox to a hydrogenation jar, which was secured to a highpressure hydrogenator and pressurized to 30 psi of H2. This black mixture was mechanically
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shaken for 8 hours a day for 3 consecutive days, remaining pressurized throughout. After removing
H2 and purging the jar with nitrogen for 15 minutes, the suspension was filtered through Celite to
remove Pd/C. The filtrate was concentrated and purified via flash chromatography (50/50
DCM/Hexanes, 2% triethylamine) to remove reduced byproducts of 2-nitrobenzaldehyde. The
remaining fractions were concentrated, dissolved in methanol to isolate a white precipitate, and
filtered the suspension to produce an orange filtrate, which was concentrated to produce a viscous
orange oil (2.55 g, 90%). 1H NMR: (400 MHz, CDCl3, δ) 7.08 (t, 2H, J = 7.6 Hz), 7.01 (d, 2H, J =
7.4 Hz), 6.66 (m, 4H). 3.76 (s, 4H), 2.76 (s, 4H).

Figure 207: Synthesis of 65 in toluene.

65:

BIAN-Cyclam,

5,6,7,8,9,10,-hexahydro-2,13-nitrilo-[1,2-b]-acenaphtho-

[3,11]dibenzo-[2,6,9,13]tetrazacyclotetradecine45
78 (0.1000 g, 0.3700 mmol, 1 eq), acenaphthenequinone (0.0674 g, 0.370 mmol, 1 eq), and
para-toluenesulfonic acid monohydrate (0.0112 g, 0.0589 mmol, 0.16 eq) were stirred in a roundbottomed flask. Toluene was added to bring the concentration of the tetraamine to 10 mM to avoid
polymerization (37 mL), forming a yellow suspension. The solution was refluxed for a full day
with a Dean-Stark apparatus charged with Na2SO4 to produce a dark red solution. The reaction
was followed by TLC (50/50 EtOAc/hexanes). The product was concentrated and purified via flash
chromatography, initially using 20% EtOAc/hexanes, eventually adding DCM and then MeOH to
elute the product, which was extracted in EtOAc, dried, and concentrated to produce an orange
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solid (0.06 g, 50%). 1H NMR: (400 MHz, CDCl3, δ) 7.70 (d, 4H, J = 8.4 Hz), 7.40 (t, 4H, J = 8.2 Hz),
7.30 (d, 2H, 7.1 Hz), 7.05 (m, 4H), 6.76 (t, 2H, J = 7.3 Hz), 6.55 (d, 2H, J = 8.3 Hz), 4.66 (br s, 2H,
NH), 4.58 (d, 2H, J = 16.1 Hz), 3.88 (d, 2H, J = 16.2 Hz), 3.08 (br m, 2H), 2.83 (br m, 2H).

Figure 208: Synthesis of 65 in ethanol.

65:

BIAN-Cyclam,

5,6,7,8,9,10,-hexahydro-2,13-nitrilo-[1,2-b]-acenaphtho-

[3,11]dibenzo-[2,6,9,13]tetrazacyclotetradecine128
78 (5.02 g, 18.5 mmol, 1.1 eq), acenaphthenequinone (3.0664 g, 16.9 mmol, 1 eq), and dry
EtOH (185 mL) were added to a 500 mL round-bottomed flask and refluxed for 18 hours to
produce a dark red solution. The reaction was followed by TLC (50/50 EtOAc/hexanes), and the
concentrated product was recrystallized in ethyl acetate to remove acenaphthenequinone, leaving
a light brown solid (2.6467 g, 38%). 1H NMR: (400 MHz, CDCl3, δ) 7.70 (d, 4H, J = 8.4 Hz), 7.40
(t, 4H, J = 8.2 Hz), 7.30 (d, 2H, 7.1 Hz), 7.05 (m, 4H), 6.76 (t, 2H, J = 7.3 Hz), 6.55 (d, 2H, J = 8.3
Hz), 4.66 (br s, 2H, NH), 4.58 (d, 2H, J = 16.1 Hz), 3.88 (d, 2H, J = 16.2 Hz), 3.08 (br m, 2H), 2.83
(br m, 2H).

219

4.2.6. Synthesis of BIAN-cyclam Complexes.

Figure 209: Synthesis of 66 and 69.

66:

Co(Bicyc)Cl2, 5,6,7,8,9,10,-hexahydro-2,13-nitrilo-[1,2-b]-acenaphtho-[3,11]dibenzo-

[2,6,9,13]tetrazacyclotetradecine Cobalt dichloride
BIAN-cyclam 65 (0.1005 g, 0.2425 mmol, 1 eq) and anhydrous CoCl2 (0.0367 g, 0.283
mmol, 1 eq) were suspended in dry MeOH (30 mL). Upon refluxing for 18 hours, the light orange
suspension turned dark red. Further reflux for 6 hours led to a brown solution. The solution was
cooled and filtered with a Büchner funnel. The brown filtrate was concentrated until completely
dry, leaving a green solid (0.1271 g, 96%). Dissolution in DMF leads to a green solution, while
MeOH produces a brown solution. UV−vis (λmax, nm; DMF): 610, 675.
69:

Co(Bicyc)Br2,

5,6,7,8,9,10,-hexahydro-2,13-nitrilo-[1,2-b]-acenaphtho-

[3,11]dibenzo-[2,6,9,13]tetrazacyclotetradecine Cobalt dibromide
BIAN-cyclam 65 (0.1011 g, 0.2439 mmol, 1 eq), CoBr2 (0.0613 g, 0.280 mmol, 1 eq) and
dry MeOH (40 mL) were added to a 100 mL round-bottomed flask to form a red solution. The
mixture was refluxed for 1 day with no color change. Concentrating the solution produced a green
solid with darker impurities, preventing assessment of yield. The product turned brown over the
course of 2 hours in a scintillation vial, returning to green upon rotary evaporation. The product
was highly hygroscopic, preventing a consistent yield. UV−vis (λmax, nm; DMF): 610, 675.
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Figure 210: Synthesis of 80.

80:

Co(Tetra)Cl2,

2-((2-(2-Aminobenzylamino)ethylamino)methyl)benzenamine-N,Nʹ-

Cobalt dichloride
In a 50 mL round-bottomed flask, CoCl2 (0.0611 g, 0.471 mmol, 3 eq) was suspended in
glacial acetic acid (20 mL) and formed a blue solution upon heating to 60°C. 78 (0.0529 g, 0.196
mmol, 1.15 eq) was added, turning the solution lighter blue, slowly becoming green as it was
refluxed for 45 minutes. The suspension was cooled and filtered to produce a teal filtrate and a
green solid which forms a green solution in DMF, a green suspension in DCM and an orange-red
solution in MeOH (0.0256 g, 32%). Recrystallizing in acetone led to solid (81) and filtrate (80).
UV−vis (λmax, nm; DMF): 610, 675.

Figure 211: Synthesis of 82.

82: Co(Bicyc), 5,7,8,10,-tetrahydro-2,13-nitrilo-[1,2-b]-acenaphtho-[3,11]dibenzo[2,6,9,13]tetrazacyclotetradecine Cobalt
Co(Bicyc)Cl2 66 (0.09 g, 0.2 mmol, 1 eq) was suspended in dry diethyl ether (10 mL). A
solution of 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU, 0.1 mL, 7 mmol, 35 eq) in ether (10 mL)
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was added and the green suspension was stirred overnight, leaving a light yellow solution with
green particles in a ring on the side of the flask. Upon shaking, the mixture returned to a green
suspension. The mixture was refluxed for 2 hours, followed by stirring at room temperature
overnight. When no color change occurred, the mixture was refluxed overnight, with no color
change. The suspension was filtered with ether leading to a dark green solid and yellow-brown
filtrate. Unlike 66, the green solid became brown when exposed to DCM or DMF. The filtrate
product could not be fully concentrated. UV−vis (λmax, nm; DMF): 530, 585.

Figure 212: Synthesis of 83.

83:

Co(Bicyc)Cl3,

5,7,8,10,-tetrahydro-2,13-nitrilo-[1,2-b]-acenaphtho-[3,11]dibenzo-

[2,6,9,13]tetrazacyclotetradecine Cobalt dichloro chloride
12M HCl (0.2 mL, 2.4 mmol) was added to solid (Bicyc)CoCl2 66 (0.0718 g, 0.132 mmol)
to form green clumps, which were removed via filtration. DMF (10 mL) was added to the filtrate
and the solution was stirred for 2 days in air. Repeating this reaction in methanol led to the same
UV-Vis peaks. UV−vis (λmax, nm; DMF, MeOH): 625, 665, 690.
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4.2.7. NMR Spectra of BIAN Compounds

Figure 213: 1H NMR spectrum (400 MHz, CDCl3) of 67.
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Figure 214: 1H NMR spectrum (400 MHz, CDCl3) of 68.
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Figure 215: 1H NMR spectrum (400 MHz, CDCl3) of 53.
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Figure 216: Comparison of 31P NMR: (162 MHz, CDCl3) of 70, triphenylphosphine, and triphenylphosphine oxide.
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Figure 217: 1H NMR spectrum (400 MHz, D2O) of 74.
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Figure 218: 1H NMR spectrum (400 MHz, D2O) of 75.
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Figure 219: 1H NMR spectrum (400 MHz, CDCl3) of 77.
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Figure 220: 1H NMR spectrum (400 MHz, CDCl3) of 84.

230

Figure 221: 1H NMR spectrum (400 MHz, CDCl3) of 78.
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Figure 222: 1H NMR spectrum (400 MHz, CDCl3) of 65.

4.2.8: X-Ray Crystallography Data
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The data files for X-ray Crystallography of 62 and 54 have been lost. The following
abridged data tables were collected prior to this loss.

Table 17: X-ray Data Table for 62.

a

11.985

b

13.696

c

17.442

α

90°

β

108°

γ

90°

Z

1

Z’

0.5

V

2723

R1

8.11%

Crystal

Monoclinic

System
Space

P21/c

Group

Table 18: Bond Lengths for Crystal of 62.

Bond

Length (Å)

N1 – C1

1.20

C1 – C2

1.60

C2 – N2

1.22

N1 – Co1

2.05
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N2 – Co1

2.08

Co1 – Cl1

2.23

Co1 – Cl2

2.19

Figure 223: Numbering of atoms for Crystal Structure of 62.
Table 19: X Ray Data Table for 54.

a

11.977

b

12.909

c

14.325

α

106°

β

97°

γ

102°

Z

4

Z’

2

V

2042

R1

6.48%

Crystal

Triclinic

System
Space

P1̅

Group
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Table 20: Bond Lengths for Crystal of 54.

Bond

Length (Å)

N1 – C1

1.27

C1 – C2

1.51

Ni1 – N1

2.11

Ni – Br1

2.53

Ni – O2 (eq)

2.07

Ni – O3 (ax)

2.03

Br2 – H2

2.58

N3 – H1

1.94

O3 – H1

0.87

O3 – H2

0.66
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Figure 224: Number of Atoms for Crystal Structure of 54.

4.3. Conclusions

A library of complexes has been synthesized combining Clamshell ligand and the novel
BIAN-cyclam ligand with first-row transition metals. These complexes have been characterized
spectroscopically and investigated electrochemically, primarily for their potential use as CO2
reduction catalysts. The role of the solvatochromism in the presence of coordinating solvents is
not fully understood but suggests a consistent, reversible geometric change from tetrahedral to
octahedral which could be exploited in the future.
Cyclic voltammetry under N2 reveals fairly standard redox events for BIAN-based
complexes. The lack of significant current enhancement for our Clamshell and BIAN-cyclam
complexes in the presence of CO2 and a Brønsted acid is not encouraging for their use as CO2reduction catalysts. Our data suggests that for cobalt complexes, CO2 is capable of binding to the
metal center and becoming protonated to form the Co-COOH intermediate, but no further
reduction or release of CO or other products takes place. While this reaction may occur at more
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negative potentials, it is unlikely to do so more efficiently than other available catalysts.
Electrochemical investigation with Brønsted acids under N2 would provide information on the
potential for clamshell or BIAN-cyclam complexes to act specifically as hydrogen evolution
catalysts, while extending the scan window to more negative potentials may lead to turnover of
the Co-COOH intermediate to generate CO or formate.
The presence of a pendant amine, envisioned as a secondary coordination sphere proton
relay, does not appear to significantly aid in catalysis. The clamshell and BIAN-cyclam ligands
have demonstrated less than ideal characteristics for catalysis with first-row late transition metals
compared to bipyridine ligands, in particular their propensity to hydrolyze under ambient
conditions due to a lack of steric bulk protecting the diamine. However, if electrocatalytic
reduction of CO2 or H+ can be demonstrated for a clamshell or BIAN-cyclam complex, then these
ligand systems demonstrate some valuable capabilities, such as mild reduction potentials, ease of
functionalization at the N-aryl or naphthyl substituents, and facile synthesis from bulk reagents.
Furthermore, the addition of sulfonate groups to the N-aryl substituents allows for water stability
and solubility, something more easily accomplished in the BIAN system than for bipyridine. This
would be particularly valuable for a H2 evolution catalyst, which can use water and acids as
substrates.
The BIAN-cyclam ligand may be capable of cyclam-like catalytic activity if coordination
by all four nitrogen atoms can be achieved, though the necessary distortion may impede its
efficiency and stability. I believe that deprotonating the secondary amines is the best avenue to
accomplish this, allowing for both electron-donating and electron-withdrawing substituents to bind
the metal center. Alternatively, harsher synthetic conditions may allow for the formation of the
thermodynamically favorable Co(κ-N,N,N,N-bicyc)(trans-Cl)2 isomer. The untouched naphthyl
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group allows for the addition of another pendant amine functional group, which may assist in
catalysis for a tetraazamacrocyclic species. A crystal structure of Co(Bicyc)Cl2 would be a
valuable start in understanding what changes would be most beneficial for this system.
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Chapter V. Investigation of a Metal-Free Ligand for Electrocatalytic
H2 Production in Acidic Media.

5.0. Introduction

The use of first-row transition metals for the catalytic production of hydrogen offers
advantages over the use of less earth-abundant metals such as platinum, with regards to scalability
and sustainability. However, producing H2 without the use of any metals could offer just as
significant a paradigm shift in sustainable fuel production. The production of hydrogen by metalfree catalysts often relies on heterogeneous materials such as nanostructures or polymers, with
multiple protons and electrons available from distant functional groups.134,135,136 However, there
are few examples found in the literature for a homogeneous metal-free H2 production catalyst
(Figure 225). The first is an α-diimine with thiosemicarbazone substituents which demonstrated
ligand-based H2 generation under acid-saturated conditions, both in a zinc complex (TON = 15 h−1
with an overpotential of 756 mV) and as an uncoordinated ligand 85 (with an overpotential of 1430
mV).137 Although the presence of a metal stabilizes the reduced intermediates to promote catalysis,
it is not strictly necessary because protonation occurs at the hydrazine nitrogen rather than at the
metal center. This process involves coupling between two equivalents of the catalyst, unlike the
single-molecule mechanism of H2 generation by a tetra(pentafluorobenzyl)-substituted porphyrin
(86), also under strongly acidic conditions and with an overpotential of −1.31 V vs Fc/Fc+.138 For
this compound, an ECEC mechanism was supported by electrochemical measurements, UV-Vis
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spectroscopic changes, and DFT calculations of species in a Born-Haber thermodynamic cycle to
determine free energy changes and pKa values of mechanistic steps. This activity also required a
large overpotential (1.02 V). The relevant properties of this catalyst were multiple protonation sites
that are less acidic than the external acid source used and the ability to accept multiple electrons,
acting as a reservoir until two electrons and two protons can be co-localized. Similar results were
found more recently with corroles with electron-withdrawing substituents.139,140 We hypothesize
that Anbpy (87), originally used as a ligand for 40 in Chapter 3, shares these properties.

85

86

87

Figure 225: Metal-free homogeneous H2 production catalysts.

Neutral 2,2ʹ-bipyridine typically orients the nitrogen atoms away from each other, leading
to a 180° dihedral angle across the N,C,C,N-biaryl bond (Figure 226). Once protonated (pKa =
4.4), bipyridine adopts the s-cis conformation, chelating the proton as if it were a metal center.141
Under highly acidic conditions (pKa = 0.05), both nitrogens can be protonated, and the molecule
reverts to its s-trans conformation. For this reason, even if bpy is reduced under highly acidic
conditions, it is unlikely to generate H2 via this mechanism due to the distance between the protons,
though bimolecular and heterogeneous pathways could still occur. However, if the second
protonation site exists on a pendant amine, then both protons can be co-localized more easily
within a single molecule. This seems particularly likely for Anbpy, where the anilinium can be
reduced so that the bipyridine moiety doesn’t require two successive reduction events. Since
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pyridine can also form a conjugate acid and become reduced, this possibility can be explored by
comparing the behavior of Anbpy to Anpyr (88) which contains both aniline and pyridine
functional groups. UV-Vis spectroscopy, DFT calculations, and cyclic voltammetry were used to
investigate the differences in behavior between 6,6ʹ-Me2bpy, Anbpy, and Anpyr as well as the
activity of metal-free Anbpy toward electrocatalytic reduction of H+ to generate H2 ( 227).

Figure 226: pH-dependent behavior of 2,2ʹ-bipyridine.

88
Figure 227: Pyridine-based compounds 6,6ʹ-Me2bpy, Anbpy (87) and Anpyr (88).

The two established metal-free homogeneous H2 production catalysts 85 and 86 shares the
features of redox non-innocence and multiple protonation sites. Anbpy 87 also contains these
features, but in a distinct arrangement: 85 generates H2 via a bimolecular pathway, with each ligand
contributing an electron and a proton, at least in the investigated Zn-coordinated complex, while
86 has multiple protonation sites oriented toward each other and a delocalized enough π-system to
enable successive reduction events.137,138 87, however, has two functional groups separated by an
alkyl chain which does not link them electronically, each with their own protonation site with
similar pKa values (4.8 for methylaniline). We hypothesize that under acidic conditions and at
mildly negative potentials, both functional groups will undergo protonation and reduction, with an
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intramolecular interaction leading to the production of H2 in a similar manner to that attributed to
86. While 88 shares these features with 87, the lower-energy π* orbital of bipyridine is
hypothesized to allow reduction to occur at less negative potentials for 87 than for 88. Finally,
given the ability of bipyridine to coordinate H+, it is expected that the behavior of this compound
will be distinct at pH levels above and below the pKa of this event (0.05), while no such change
will occur for 88.

5.1. Results and Discussion

5.1.1. Synthesis of Anbpy and Anpyr

Anbpy was synthesized using the procedure described in Chapter 3, reacting 6,6ʹ-Me2bpy
with 2-nitrobenzaldehyde and acetic anhydride under conditions which generate both the monoand disubstituted products, and separating them using flash chromatography (Figure 62).
Following this reaction was a straightforward hydrogenation reaction using palladium on carbon
catalyst and hydrogen gas to produce 87. It was considered that Anbpy might coordinate Pd during
its synthesis, which would lead to an inconclusive catalytic analysis. To confirm that Anbpy was
not part of a metal complex, K2C2O4 was added to Anbpy in THF to attempt to remove Pd, with
no change in the NMR after purifying the mixture. HCl in anhydrous dioxane was also added,
which led to peak shifting that was reversible upon basification; the fully protonated product was
pink instead of yellow or white. Finally, to confirm that Pd was not present, a dilute sample of 87
was given to Dr. Julia Bryce and Maria Fahnestock for analysis via ICP-MS; it was reported that
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Pd was present at 7-14 parts per trillion, matching background levels. A zinc complex (89) was
synthesized from 87 following suspension with the ligand in ethanol (Figure 228).

89
Figure 228: Synthesis of 89.

Anpyr was synthesized using the first step of the clamshell synthesis, but with fewer
equivalents of 2-nitrobenzaldehyde, leading to the intermediate 90 (Figure 229). Separation from
the disubstituted product by flash chromatography, followed by hydrogenation using palladium on
carbon led to the formation of 88.

90
Figure 229: Synthetic route of 90 and 88.

5.1.2. Characterization of pH-dependent Behavior

UV-Vis spectroscopy was performed on 1 mM solutions 6,6ʹ-Me2bpy (a more sterically
similar analogue of bipy), Anpyr, and Anbpy in dry acetonitrile, with a total volume of 1.5 mL.
0.0125 mL aliquots of acidic solution (12M HCl in water, diluted to the appropriate concentration
in acetonitrile) were then added to decrease the pH in one-unit increments without significantly
affecting the volume of the solution. Regrettably, the pH was not measured experimentally. The
most significant change in volume came from the final addition, 0.025 mL of concentrated HCl to
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provide a pH of approximately 0. At this acidity the Anbpy solution changed from light yellow to
light pink. These compounds were not soluble in water, and the use of acetonitrile as the solvent
may result in a difference between the actual and the calculated pH values. Given that acetonitrile
and water are miscible, the concentration of hydronium ions should be comparable to a solution
of water with the same amount of HCl added, though this relationship to pH should not be assumed.
A sample of solid Anbpy formed a pink solution in HCl-acidified water, despite not dissolving in
neutral water.
For Anpyr, the two light-absorbing moieties are the pyridyl ring and the aniline ring, which
typically have pKa values between 3 and 5 for their conjugate acids (Figure 230). As such, lowering
the pH (based on calculated HCl added) leads to a steady decrease in the absorbance of this
compound, indicating regular changes in the structure as statistically more molecules of the
compound are protonated.
4
3.5

No acid
added
pH 7

Absorbance

3
2.5

pH 6

2

pH 5

1.5

pH 4

1

pH 3

0.5

pH 2

0
280

330

380

430

480

pH 1

Wavelength (nm)

Figure 230: UV-Vis spectra of 1 mM solution of Anpyr in acetonitrile, with pH controlled via aliquots of HCl in
water.
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Similar behavior was shown for 6,6ʹ-Me2bpy (Figure 231), the closest analogue for the
6,6ʹ-substituted bipyridyl moiety in Anbpy. Decreasing the pH led to a steady increase in the
absorbance of the compound, again reflecting different absorption profiles for the protonated and
deprotonated species. A sudden jump in absorbance at 362 nm occurs between pH 2 and pH 1,
indicating initial formation of the doubly protonated species. Due to the protonation of both
nitrogen atoms, this peak is attributed to a π-π* transition.
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Figure 231: UV-Vis spectra of 1 mM solution of 6,6ʹ-Me2bpy in acetonitrile, with pH controlled via aliquots of HCl
in water.
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For Anbpy the spectrum is different (Figure 232). From pH 7 to pH 2, there is almost no
difference in the absorbance spectrum. Starting at pH 1, and much more noticeably at pH 0, the
absorbance spectrum shifts significantly, with a shoulder emerging at 340 nm. This is consistent
with a lack of protonation throughout most of the pH range, in which there is little protonation
behavior until very high [H+]. If each functional group acted independently, we would expect these
spectra to more closely match those of 6,6ʹ-Me2bpy or Anpyr, with a shift in absorbance between
pH 5 and pH 4. It is hypothesized that a single protonation state of the Anbpy ligand is stabilized
via hydrogen-bonding interactions between the bipyridine and aniline functional groups until the
solution is sufficiently acidic to protonate both groups.

246

Anbpy 1mM in MeCN
4
No acid added

Absorbance

3.5
3

pH 7

2.5

pH 6

2

pH 5

1.5

pH 4

1

pH 3

0.5

pH 2

0
300

350

400

450

500

550

600

pH 1
pH 0

Wavelength (nm)

Anbpy 1mM in MeCN, expanded
4
No acid added

Absorbance

3.5
3

pH 7

2.5

pH 6

2

pH 5

1.5

pH 4

1

pH 3

0.5

pH 2

0
300

320

340

360

Wavelength (nm)

380

400

pH 1
pH 0

Figure 232: UV-Vis spectra of 1 mM solution of Anbpy in acetonitrile, with pH controlled via aliquots of HCl in
water.

Models of these interactions were investigated using DFT calculations, and ground-state
energies were used to estimate pKa values based on the equations ΔG° = −RT ln Ka and pKa = −log
Ka, R = 0.008314 kJ/mol∙K and T = 273.15 K (Equations 10-12, Table 21). In order to generate
isodesmic models of each possible protonation state for Anbpy, water molecules and hydronium
ions were explicitly added to the ligand environment to keep the number of atoms and electrons
consistent. The singly protonated bipyridine group was treated as a heterocycle with H acting as a
metal. Each protonation state was designated with a “1” indicating protonation at the N1, N2, or
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(pendant) N3 positions and a “0” indicating a deprotonated position, with “^” indicating the proton
in a bridging position between the two pyridine rings (Figure 233). For example, 001 represents
unprotonated pyridyl groups and a protonated aniline, with three H2O and two H3O+ explicitly
modelled reporting a total energy of −1283.27851 hartrees, which can be converted to kcal/mol
with a conversion factor of 627.5 kcal∙mol−1/hartree and to kJ/mol with a conversion factor of
4.184 kJ∙mol−1/kcal∙mol−1. Calculations were performed at the B3LYP functional and the 6-31G*
basis set with water solvation.

111

^1

110

001

^0

000

Figure 233: Protonation states of Anbpy, with nitrogen atoms designated as N 1, N2, and N3.

∆𝐺 = 𝐺1 − 𝐺2

(10)

∆𝐺 = −𝑅𝑇 𝐿𝑛𝐾𝑎

(11)

𝑝𝐾𝑎 = −𝑙𝑜𝑔10 (𝐾𝑎 )

(12)

For 001 to 000, this calculation is:
∆𝐺 = 1283.27949 − 1283.27851 = 0.00098 ℎ𝑎𝑟𝑡𝑟𝑒𝑒𝑠 = 0.62
2.6

𝑘𝑐𝑎𝑙
𝑘𝐽
= 2.6
𝑚𝑜𝑙
𝑚𝑜𝑙

𝑘𝐽
𝑘𝐽
) (273.15 𝐾)𝐿𝑛 𝐾𝑎
= − (0.008314
𝑚𝑜𝑙
𝑚𝑜𝑙 ∙ 𝐾
𝐾𝑎 = 𝑒 −1.1 = 0.32
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𝑝𝐾𝑎 = −𝑙𝑜𝑔10 (0.32) = 0.49
This value of 0.49 for the pKa for the final deprotonation of Anbpy is consistent with the
appearance of a shoulder at 340 nm at pH 1 (Figure 232).
Table 21: Calculated ground state energies (kcal/mol) and pKa values for protonation states of Anbpy.

State

Energy vs 000
state (kcal/mol)

pKa

Conjugate Base

N/A

Energy vs
conjugate base
(kcal/mol)
N/A

000

N/A

N/A

001

0.00098

0.615

0.49

000

^0

0.00003

0.019

0.02

000

^1

0.00883

4.93

3.94

001

110

0.00088

−0.60

−0.05

001

111

0

−0.55

−0.44

110

The pKa values provide insight into the unique behavior of Anbpy at different acidities.
The fully protonated 111 loses the anilinium proton at pH −0.44 to form the 110 state, which loses
a pyridyl proton at pH −0.05 to form 001, in conjunction with transfer of the second proton to the
pendant aniline. At pH 0.49 this last proton is lost. This is consistent with the behavior seen by
UV-Vis in which a rapid change in absorbance occurs as pH 1 is approached. While the ^0 state
is not formed preferentially by any protonation event, it is not particularly unstable, possibly due
to interactions with the pendant aniline group (Figure 234). This stabilizing effect is not present in
^1, leading to its relative instability. The equal calculated energies of 000 and 111 suggests a faulty
calculation, and a higher level of theory may allow for more precise calculations overall.
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Figure 234: Spartan models of ^0 (left) and ^1 states of Anbpy showing a stabilizing interaction between the aniline
and the chelated proton.

Under strongly acidic conditions (pH < −1), the 111 state is expected to be the most
thermodynamically stable form of Anbpy. While bipyridine can be reduced even as neutral species,
this requires less negative potentials when it is protonated at a low pH.142 The LUMO of 111
Anbpy is localized within the bipyridine moiety (−2.92 eV), as is the SOMO upon first reduction
(−2.4 eV). This runs counter to our initial hypothesis, that the anilinium group would be reduced
rather than the already reduced bipyridinium. Under this new hypothesis, if two electrons can be
localized onto the bipyridine of the 111 Anbpy, then H2 can be generated from those electrons and
two of the protons, leaving the relatively stable ^0 state to undergo protonation to continue the
cycle (Figure 235). The localization of a second proton and the stability of the ^0 state are both
attributed to the pendant aniline, which can engage in hydrogen bonding with the proton
coordinated by both pyridyl groups. More elaborate mechanisms, such as those involving PCET,
have not been evaluated. We hypothesize that if catalytic cycle can be demonstrated
experimentally, then Anbpy represents a metal-free homogeneous H2 production catalyst which is
both soluble and stable in strongly acidic aqueous media.
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Figure 235: Proposed H2 production electrocatalytic cycle of Anbpy (87) under highly acidic conditions.

5.1.3. Electrochemical Experiments

Cyclic voltammetry was performed on solutions of 1 mM analyte with 0.1 M [Bu4N][PF6]
supporting electrolyte in 3 Å molecular sieve-dried acetonitrile using a 3 mm glassy carbon
working electrode, a Pt wire counter electrode, and a 0.1 M AgNO3 solution with silver wire
pseudo-reference electrode with Fc added as an internal reference, under a constant flow of N2. 12
M HCl in water was added to solutions as 10% of the initial solution to provide an acidic
environment, creating a 1.09 M HCl in water/acetonitrile solution, or pH = −0.04.
CV of Anbpy at 100 mV/s with no Brønsted acid exhibits a reversible redox peak at −1.22
V corresponding to addition of an electron to the bipyridine moiety (Figure 236). A second
reduction peak at −2.10 V is irreversible, as the Anbpy2− is unstable and capable of rapid
degradation. The oxidation peak at −0.58 V may indicate oxidation of the aniline ring, as the
HOMO is calculated to be localized there and the lone pair of the amine can be delocalized into
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the ring to stabilize the positive charge. These peaks are not significantly altered by a change in
scan rate (Figure 237).

Figure 236: Cyclic Voltammogram of 1 mM 87 in dry CH3CN with 0.1 M [Bu4N][PF6] as the supporting electrolyte
under an atmosphere of N2, scan rate = 100 mV/s.

Figure 237: Cyclic Voltammograms of 1 mM 87 in dry CH3CN with 0.1 M [Bu4N][PF6] as the supporting electrolyte
under an atmosphere of N2 at various scan rates.
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Addition of 1.09 M HCl results in significant current increase for all scan rates, with the
greatest increase occurring for the slowest scan rates (Figure 238, Table 22). The onset of this
current enhancement occurs between −0.8 V and −0.9 V, which corresponds to a reduction peak
for HCl alone rather than for Anbpy alone, suggesting that this potential corresponds to an
interaction between H+ and the electrode (Figure 239). A crossover event at this position when
Anbpy is added suggests that Anbpy is affecting this event, possibly by facilitating transfer of a
proton to the electrode surface. The proximity of Anbpy to the electrode could also explain the
decrease in capacitive current upon its addition due to disruption of the double layer. A crossover
event at −1.30 V for HCl alone indicates direct reduction of H+ at the electrode at this potential,
with the Anbpy beginning to plateau in its current at this potential, suggesting a competitive
process. The oxidation peak persists but has shifted to −0.42 V. Together, the crossover events and
greater current at slow scan rates suggest a heterogeneous mechanism involving direct interaction
between one of the functional groups and the electrode. There is substantial precedent for pyridine
interactions with electrodes coinciding with generation of hydrogen gas, though the exact nature
of these interactions is a matter of debate.142–147 An alternative explanation would involve a
significantly different diffusion constant for the ^0 state than for the 111 state, in which the former
remains at the electrode in higher concentrations at slow scan rates due to the larger diffusion zone
while new 111 diffuses in, and protonation of ^0 allowing for an overall increase in the 111 state
over time. Further investigation into the mechanism of this process is necessary to distinguish
between heterogeneous and homogeneous activity. In particular, studies comparing the icat/ip vs
scan rate for different concentrations of Anbpy should lead to a consistent ratio regardless of scan
rate upon achieving a steady-state system.
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Figure 238: Cyclic Voltammograms of 1 mM Anbpy and 1.09 M HCl in dry CH3CN with 0.1 M [Bu4N][PF6] as the
supporting electrolyte under an atmosphere of N 2at various scan rates.
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Figure 239: Cyclic Voltammograms of 1 mM Anbpy and 1.09 M HCl in dry CH3CN with 0.1 M [Bu4N][PF6] as the
supporting electrolyte under an atmosphere of N 2 at 100 mV/s.
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Table 22: Current enhancement (icat/ip) for Anbpy in the presence of 1.09 M HCl at various scan rates.

Scan Rate (mV/s)
20
50
100
200
500
1000

Potential (V vs. Fc/Fc+)
−1.25
−1.25
−1.28
−1.28
−1.27
−1.29

icat/ip
182.5
81.7
38.1
18.5
10.1
10.3

CV of Zn(Anbpy)Cl2 in the presence and absence of HCl supported the proposed ligandbased redox activity of Anbpy (Figures 240, 241). The zinc complex shows a small peak at −1.30
V, possibly some uncoordinated ligand, but the primary reduction peaks are at −1.87 V, −2.47 V,
and −2.68 V (Figure 240). The first reduction appears quasi-reversible with an additional oxidation
peak approx. 0.15 V anodic from the first. These peaks are consistent with reversible reduction of
the bipyridine ligand, with the overall cathodic shift from the ligand-only spectrum due to the
forced cis conformation and lack of stabilizing interaction with the pendant aniline group. The
irreversible reduction at −2.47 V is attributed to reduction of the bipyridine and subsequent
decomposition, while the reduction at −2.68 V is more reversible and reduction may be localized
on the aniline group. Notably, the oxidation peak at −0.5 V seen in the ligand is not present in the
Zn complex, suggesting a more complex interaction than simple removal of an electron from the
aniline ring.

256

Figure 240: Cyclic Voltammogram of 1 mM Zn(Anbpy)Cl2 in dry CH3CN with 0.1 M [Bu4N][PF6] as the supporting
electrolyte under an atmosphere of N2at 100 mV/s.

Addition of 1.09 M HCl to the Zn(Anbpy)Cl2 solution led to onset of current increase at
more positive potentials than with Anbpy alone, though this was only investigated at 100 mV/s
(Figure 241). Close analysis of the current response shows the onset of this behavior at
approximately −0.5 V, near the oxidation peak for Anbpy under acidic conditions, as well as a
crossover event at −0.68 V, indicative of a chemical change following reduction. The proposed
mechanism of H2 reduction by Anbpy alone is incompatible with persistent coordination to a metal
(Figure 235). However, the enhanced current behavior of Zn(Anbpy)Cl2 is consistent with the
ligand-only H2 generation catalyst described in Haddad et al., where coordination to zinc allowed
the catalytic events to occur at lower overpotentials.137 It is possible for Zn(Anbpy)Cl2 to generate
H2 by a homogeneous unimolecular pathway if reduction proceeds via an ECEC pathway, which
is compatible with the sole reduction potential seen for this complex in the presence of HCl.
Alternatively, Zn(Anbpy)Cl2 could achieve H2 reduction via a bimolecular pathway, or that
Zn(Anbpy)2Cl2 was generated during synthesis and acts as the active catalyst, or that
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electrodeposition of catalyst occurred prior to CV. An investigation into the concentrationdependent current response is recommended to elucidate these possibilities.

Figure 241: Cyclic Voltammograms of combinations of 1 mM Anbpy and 1 mM (Anbpy)ZnCl 2, and 1.09 M HCl in
dry CH3CN with 0.1 M [Bu4N][PF6] as the supporting electrolyte under an atmosphere of N2 at 100 mV/s.
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To see if both the aniline and bipyridine functional groups were required for this behavior,
control experiments were performed (Figure 242). First, 1.09 M HCl was added to a solution of 1
mM 6,6ʹ-Me2bpy and 1 mM aniline to see if intramolecular activity affected the redox behavior.
CV of this mixture exhibited a reduction peak at −1.07 V, less negative than the reversible peak at
−1.22 V for Anbpy, however onset of catalytic current did not occur until between −1.2 V and
−1.3 V, more negative than for Anbpy. Therefore, the hypothesized catalytic event is aided by the
alkyl link between the aniline and bipyridine functional groups. The importance of bipyridine was
tested by adding 1.09 M HCl to a solution of 1 mM Anpyr (88), which has a pyridine functional
group. The onset of current enhancement is approximately 0.3 V more negative for Anpyr than for
Anbpy due to the lower-energy π* orbital of Anbpy. The appearance of this behavior supports our
hypothetical mechanism, which does not require direction interaction with the less-functionalized
pyridine ring of Anbpy (Figure 235). Interestingly, Anpyr had a small oxidation peak at −0.42 V,
the same potential as for Anbpy, further supporting our claim that oxidation occurs at the aniline.

259

Figure 242: Cyclic Voltammograms of 1 mM Anbpy; 1 mM Anpyr; and 1 mM 6,6ʹ-Me2bpy and 1 mM aniline, with
1.09 M HCl in dry CH3CN with 0.1 M [Bu4N][PF6] as the supporting electrolyte under an atmosphere of N2, scan rate
= 100 mV/s.

Given the encouraging results of Anbpy and Zn(Anbpy)Cl2 in acidic environments,
controlled potential electrolysis (CPE) was performed on 1 mM Anbpy with 1.09 M HCl in
acetonitrile (with 0.1 M [Bu4N][PF6] supporting electrolyte) or with 1.09 M H2SO4 in water (with
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saturated NaHSO4 as supporting electrolyte) at −1.25 V for 4 hours. The use of bulk electrodes
decreased the apparent increase in current with Anbpy present and increased the current generated
by HCl itself. Hydrogen gas was generated, but the amount did not consistently exceed the amount
generated by the acid alone under the same conditions. CPE of Zn(Anbpy)Cl2 at a less negative
potential was not attempted. CPE at the onset potential of current enhancement should be
performed to demonstrate H2 production by these catalysts, as direct reduction of H+ at the
electrode should not occur at these potentials.

5.2. Experimental

The synthesis of Anbpy (87) is described in Chapter 3.

Figure 243: Synthesis of 90.

90:

2-[2-(2-nitrophenyl)ethenyl]-6-methyl-pyridine45
2-nitrobenzaldehyde (10.67 g, 70.6 mmol, 2 eq), 2,6-lutidine (4.1 mL, 35 mmol, 1 eq), and

acetic anhydride (20.0 mL, 212 mmol, 6 eq) were combined in a 50 mL round-bottomed flask. The
solution was heated at reflux for a day while stirring to produce a dark brown solution. The solution
was cooled, extracted with DCM and 10% NaOH in water, dried with Na2SO4, and concentrated.
The crude product was used in the synthesis of 88.
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Figure 244: Synthesis of 88.

88:

Anpyr, 2-[2-(2-aminophenyl)ethanyl]-6-methyl-pyridine45
Crude 90 (13.2 g, 35.4 mmol) was placed in a 250 mL round-bottomed flask with 10%

Pd/C catalyst (2.25 g, 2.10 mmol, 0.06 eq Pd) and dissolved in THF (100 mL). A hydrogen balloon
was affixed via septum and the solution was left to stir for 2-3 days until the solution developed a
green hue on the surface, refilling the hydrogen balloon as necessary. The flask was purged with
N2 prior to exposure to atmosphere. The reaction was followed by TLC with 50/50
EtOAc/Hexanes. The product was filtered through Celite with THF eluent and concentrated to
yield an impure brown-yellow solid (12.63 g, 113%). The product was purified via flash column
chromatography with 50/50 EtOAc/Hexanes and 2% triethylamine. The monosubstituted product
88 was recovered (1.3125 g, 18%). The presence of product amine was detected by ninhydrin stain.
1

H NMR: (400 MHz, CDCl3, δ) 7.46 (t, 1H, J = 7.6 Hz), 7.07 (d, 1H, J = 6.9 Hz), 7.04 (td, 1H, J

= 7.5, 1.5 Hz), 6.99 (d, 1H, J = 7.4 Hz), 6.90 (d, 1H, J = 7.7 Hz), 6.72 (td, 1H, J = 7.4, 1.4 Hz),
6.67 (dd, 1H, J = 7.9, 1.2 Hz), 3.89 (br s, 1H), 3.07 (t, 2H, J = 8.4 Hz), 2.95 (t, 2H, J = 8.3 Hz),
2.57 (s, 3H).
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89:

Zn(Anbpy)Cl2, 6-[2-(2-aminobenzyl)ethyl]-6ʹ-methyl-2,2ʹ-bipyridine Zinc Chloride.

Figure 245: Synthesis of 89.

87 (0.0473g, 0.165 mmol, 1 eq) was dissolved in 100% EtOH (5 mL) to produce a yelloworange solution. ZnCl2 (0.0234 g, 0.172 mmol, 1eq) was added but did not initially dissolve. After
two hours the suspension became finer, with no further change after 17 more hours. A yellow
supernatant was removed via pipet to yield an orange solid (0.0346 g, 50%) 1H NMR: (500 MHz,
CDCl3, ): 8.01 (m, 2H), 7.54 (t, 1H, J = 4.0 Hz), 7.34 (d, 1H, J = 7.6 Hz), 7.04 (m, 2H), 6.68 (t,
1H, J = 6.8 Hz), 6.61 (d, 1H, J = 7.0 Hz), 3.55 (t, 2H, J = 8.3 Hz), 3.18 (t, 2H, J = 7.2 Hz), 3.04
(s, 3H).
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Figure 246: 1H NMR spectrum (400 MHz, CDCl3) of 90.

264

Figure 247: 1H-NMR spectrum (500 MHz, CDCl3) of 89.
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Figure 248: COSY NMR spectrum (500 MHz, CDCl3) of 89.

5.3. Conclusions

Based on recently literature precedent and our own investigations via DFT modelling, UVVis spectroscopy, and voltammetry, we propose that Anbpy is capable of homogeneous metal-free
H2 generation electrocatalysis under highly acidic conditions, with opportunities for further
functionalization and optimization. While further investigations of the mechanism and turnover of
this process are required, the available evidence indicates that Anbpy is a promising candidate for
further study. In particular, we point to the agreement between the pKa calculations derived from
isodesmic models and the solvatochromic and pH-dependent solubility behavior of Anbpy; the
decreased onset potential of current enhancement upon coordination to redox-inactive zinc; and
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the attainment of catalytic current enhancement at lower onset potentials than those of Anpyr or
the combination of 6,6ʹ-Me2bpy and aniline.
While promising, the use of Anbpy for electrocatalytic H2 production requires mechanistic
analysis and robust benchmarking to determine the validity of the claims made in this dissertation.
In order to demonstrate that H2 production is caused by Anbpy rather than direct reduction of H+
at the electrode interface, CPE can be performed on Anbpy in the presence of HCl at the onset
potential of −0.8 V vs Fc/Fc+ to determine if any H2 can be produced by this system; control
samples of Anbpy alone or HCl alone should demonstrate a lack of activity at this potential. The
proposed mechanism involving the tricationic form of Anbpy requires a substantially acidic
environment, so CV at different pH values should demonstrate a dramatic shift in current as the
pKa of this form is approached.
The concentration of Anbpy is also a relevant factor. The novelty of Anbpy is based on a
mechanism in which a single molecule is capable of producing H2, rather than a bimolecular
system. The current response is therefore expected to vary linearly with catalyst concentration,
while a similar experiment using 6,6ʹ-Me2bpy should have a second-order current response. The
zinc complex Zn(Anbpy)Cl2 should also have a second-order current response if, like the zinc
complex in Haddad et al., H2 production occurs via a bimolecular transition state.137 A better
understanding of how Zn(Anbpy)Cl2 differs from Anbpy can be obtained by modelling potential
H2 production mechanisms, and by growing crystals of these species to observe the orientation of
the relevant functional groups.
Anbpy is straightforward to synthesize, has multiple sites available for functionalization,
and is stable and soluble in both organic solvents and strongly acidic water. If the mechanism of
H2 production by Anbpy in acidic media can be verified, and this process results in a higher
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turnover and lower overpotential than can be achieved by acid alone, then Anbpy represents a
promising metal-free H2 production electrocatalyst.
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Chapter VI. Conclusions and Future Directions

Over the course of this dissertation we have described the work that has been done to
synthesize and examine several catalysts which use pendant amines to facilitate their
electrochemical transformations, in particular the reduction of CO2 and the production of H2. The
importance of solar fuels was established, with the emphasis of this work on homogeneous
catalysts using redox non-innocent ligands and first-row transition metals. These catalysts include:
Mn(6-Mebpy)(CO)3Br, Mn(6,6′-Me2bpy)(CO)3Br and Mn(pqn)(CO)3Br, as well as their triflate
analogues; Mn(dmabpy)(CO)3Br, Mn(Hzbpy)(CO)3Br, and Mn(Anbpy)(CO)3Br, as well as their
triflate analogues; Clamshell complexes of Mn, Co, Ni, and Zn as well as a Co complex with a
sulfonated clamshell ligand; the BIAN-cyclam ligand and its complexes with Co; and the Anbpy
ligand for use in metal-free catalysis. While the Mn(R-bpy)(CO)3X complexes demonstrated some
degree of catalytic activity, they generally did not exceed the performance of benchmark literature
complexes. Less activity was demonstrated for BIAN-derived complexes. However, the
electrochemical behavior of these complexes, supported by DFT modelling and spectroscopic
characterization methods, has led to some unique and valuable insights, which we summarize in
this chapter.
Initial analysis of Mn(R-bpy)(CO)3Br complexes without pendant amines was performed
to better understand their characteristics in isolation. Cyclic Voltammetry (CV) of Mn(6,6ʹMe2bpy)(CO)3Br demonstrated dimer-forming behavior which was selectively observed
depending on the scan rate, solvent choice, and analyte concentration. Analyses of possible
intermediates via DFT calculations showed a small energy difference between the dimer, solventcoordinated, and pentacoordinate monomer Mn0 forms, allowing for each of these forms to
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dominate at different conditions. This analysis was extended to several literature complexes, as
well as novel complexes Mn(6-Mebpy)(CO)3Br and Mn(pqn)(CO)3Br, to provide a semiquantitative way to predict dimerization behavior.
Comparing novel and literature complexes by theoretical (HOMO-LUMO gap) and
experimental (MLCT λmax; reduction potentials) properties demonstrated that substitution at the 6and 6,6′-positions played a major role in the photophysical and electrochemical properties of these
complexes. For example, substitution by a methyl group at the 6-position had a more significant
effect on these properties than substitution by two methyl groups at the 4,4ʹ-positions. Complexes
such as Mn(pqn)(CO)3Br and Mn(bqn)(CO)3Br with extended conjugation confound this analysis
because their electronic considerations were more significant than the presence of steric bulk at
the 6,6ʹ-positions. Analysis of isomers which do not occupy this position was recommended.
The unsymmetrical complexes Mn(6-Mebpy)(CO)3Br and Mn(pqn)(CO)3Br exhibited
unique behavior during reduction of the Mn-Mn dimer. These peaks occurred at a less negative
potential than would be expected based on the HOMO-LUMO gap and MLCT λmax of these
complexes, and small secondary peaks appeared approximately 100 mV more negative than these
primary reduction peaks. This behavior was attributed to the formation of both syn and anti dimer
formation, and was also seen in unsymmetrical complexes Mn(dmabpy)(CO)3Br and
Mn(Hzbpy)(CO)3Br. Mn(Anbpy)(CO)3Br did not demonstrate this behavior, and this was
attributed to the presence of substituents at both 6-positions of the bipyridine ligand, despite the
lack of overall ligand symmetry.
Analysis of the Mn complexes with pendant amines demonstrated coordination of the metal
center by the pendant amine in the case of Mn(dmabpy)(CO)3Br, with possibly coordination for
Mn(Hzbpy)(CO)3Br and a clear lack of coordination for Mn(Anbpy)(CO)3Br. This behavior was
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attributed in part to the size of the ring formed upon coordination, with a relatively stable 6membered

ring

for

Mn(dmabpy)(CO)3Br

and

an

unstable

8-membered

ring

for

Mn(Anbpy)(CO)3Br, in agreement with the literature evidence available.
Controlled Potential Electrolysis (CPE) of Mn complexes demonstrated that little catalytic
activity was observed to proceed via the protonation-first pathway. This was surprising given the
addition of pendant bases to the ligand framework with the aim to assist in proton transfer steps of
the catalytic mechanism, suggesting that these groups, if they had any effect, may serve to stabilize
CO2-bound intermediates or promote H2 generation via proton transfer to a Mn hydride rather than
act as proton relays in a classical protonation first pathway. At potentials associated with the
reduction-first catalytic pathway, CO2 reduction to CO was demonstrated for all complexes, but at
lower levels than for unsubstituted Mn(bpy)(CO)3Br. Furthermore, H2 production was attributed
in most cases to degradation of the catalysts, leading to a decrease in nucleophilicity and a
subsequent shift in selectivity. The ratio of CO:H2 produced by Mn(6,6ʹ-Me2bpy)(CO)3Br was
approximately 2:1, consistent with complexes with much larger substituents at the 6,6ʹ-positions.
Mn(pqn)(CO)3OTf was somewhat consistent in its output CO:H2 ratio of 1:2, which could be used
to generate syngas if this ratio could be maintained while improving the turnover and stability of
the complex. Mn(Anbpy)(CO)3OTf demonstrated the greatest turnover and stability of the
catalysts investigated, and it was primarily selective for H2 generation, though the mechanism of
the pendant aniline group during catalysis is unclear. Overall, these complexes led to
improvements in our understanding of dimer-forming and dimer-cleaving behavior, the interplay
of steric and electronic effects, and the relevance of unsymmetrical ligands. Of the Mn complexes
investigated, Mn(Anbpy)(CO)3OTf demonstrates the most promise as a catalyst for future use.
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Several first-row transition metal complexes were made using the Clamshell ligand and
investigated for catalytic activity. While CO2 binding appears to be possible, there was no evidence
that further reduction occurred, and CO and H2 were not observed. Given the interactions observed
in literature Clamshell complexes, it was concluded that the limiting factor was not the ability of
the pendant pyridyl group to stabilize intermediates or transfer protons, but the lack of activity
shown by the BIAN moiety in transferring electrons to the bound substrate. The same conclusion
was reached for the macrocyclic BIAN-cyclam complexes, though successful coordination of all
four nitrogen atoms may enable further activity. An analysis of the literature showed that few
BIAN complexes were used for CO2 reduction in the absence of chemical reductants, and that it
was generally less useful for this application than other α-diimine functional groups. New advances
in the field of BIAN-based catalysis may allow for success upon alteration of the ligand design.
One significant drawback of the Clamshell ligand – its facile hydrolysis – was alleviated by
functionalization of the N-aryl substituents with sulfonate groups, which could also be used for
aqueous catalysis once catalytic conditions are demonstrated.
Preliminary results were shown for the Anbpy metal-free catalyst. The use of Anbpy to
generate hydrogen electrochemically under highly acidic conditions was demonstrated by cyclic
voltammetry, though further testing should be done to show that this occurs consistently at a level
higher than direct reduction of H+ to H2 at the electrode surface. The current enhancement seen for
Anbpy was explained as an interaction of its bipyridyl and aniline functional groups,
demonstrating significantly higher currents than in control experiments using Anpyr, 6,6ʹ-Me2bpy
and aniline, or HCl alone. This behavior was justified by computational modelling, with theoretical
pKa values corresponding to spectroscopic and electrochemical evidence.
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The compounds described in this work are unlikely to be ground-breaking advances in their
respective subfields. However, they were designed, synthesized, and tested using deliberate design
principles, and are logical next steps in the field of first-row transition metal electrocatalysts. While
there have been numerous novel Mn(R-bpy)(CO)3X catalysts published in the past decade, the use
of Mn(6,6ʹ-Me2bpy)(CO)3Br is a novel and useful addition to this catalog. It represents an
intermediate species between complexes which have significant steric bulk at the 6,6ʹ-positions
and those which have less steric bulk at other positions, providing new insight into the interplay
of steric and electronic effects for this class of compounds. In particular, we demonstrated that
even modest bulk at the 6,6ʹ-positions can have a significant effect on the redox behavior, stability,
and selectivity of these species, more so than if substitution is found at other positions. We also
took the uncommon step of testing monosubstituted versions of two complexes and directly
comparing their behavior. Novel complexes Mn(6-Mebpy)(CO)3Br and Mn(pqn)(CO)3Br
demonstrate some properties which are roughly intermediate between unsubstituted and
disubstituted versions of each complex (such as HOMO-LUMO gap and MCLT λmax), as well as
some properties which are not linear with regard to this comparison (including reduction potential
to the anion at less negative potentials and distinct dimer-forming behavior). It was not possible to
predict which properties would be affected by this lack of symmetry, and this work can and should
be considered when designing future catalysts.
Mn complexes using the pendant-amine ligands dmabpy, Hzbpy, and Anbpy were logical
next steps in this relatively uncharted subfield. The behavior of Re and Mn complexes in regard to
these pendant groups is significantly different, and the lack of examples of the latter provides value
to synthesizing new complexes. While the design of these catalysts would have been improved by
rigorous computational analysis prior to their construction, there are enough mechanistic
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possibilities to validate their relatively straightforward synthesis and subsequent real-world
testing. Pendant amines were a reasonable next step for improving CO2 reduction catalysis, though
the production of H2 by Mn(Anbpy)(CO)3OTf was a fortuitous surprise, suggesting that these
pendant groups can also act as proton transfer relays. The degree of coordination of Mn by the
pendant nitrogen appears to be related to the size of the ring formed by this process, though the
significance of this observation relative to other considerations is not yet clear. While
Mn(dmabpy)(CO)3X and Mn(Hzbpy)(CO)3X were not particularly effective catalysts, they were
reasonable attempts to use pendant amines to improve catalysis, so this is a useful negative result
to aid future design. The modest success of Mn(Anbpy)(CO)3OTf merits further study.
First-row transition metal complexes of the Clamshell ligand were intended to enable
catalytic activity through the use of Proton-Coupled Electron Transfer (PCET). Despite the
widespread use of BIAN ligands for transition metal-based olefin polymerization, there was not
significant precedent for attempting CO2-reduction using this functional group. Although no such
activity was recorded, we were successful in synthesizing and characterizing a library of
complexes with this unique ligand, which may still demonstrate use for other catalytic reactions.
Furthermore, the addition of sulfate groups to improve water solubility and stability should allow
for a more versatile set of complexes to be used under a larger variety of operating conditions and
potentially for other target catalytic reactions. If catalytic CO2-reduction or H2 generation can be
demonstrated under some set of conditions, the groundwork is present for rapid development and
optimization. As such, successful demonstration of this catalytic activity by a simpler BIAN
complex is necessary. Subsequent study of the original Clamshell ligand can then be reexamined
to determine the impact of the pendant pyridyl group on catalysis.
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The development of the BIAN-cyclam ligand and complexes also did not lead to successful
catalytic activity, though adjustments to the ligand framework have been recommended that will
significantly alter the properties of these complexes, justifying further attempts to demonstrate
catalysis. Given the prevalence of cyclam-based catalysts, it is beneficial to know that changing
two of the secondary amines to a rigid BIAN functional group is sufficient to terminate activity.
The lack of coordination by all four nitrogen atoms is curious, and could allow for proton-transfer
activity if the BIAN group can demonstrate catalysis.
The importance of the investigation into the metal-free H2 evolution activity of Anbpy is
entirely dependent on its reproducibility and the ability to tease out the mechanistic steps involved.
If our initial observations are valid, and we are correct in our hypothesis that Anbpy can generate
H2 under highly acidic conditions, it will represent the third such ligand-based metal-free catalyst
reported, and the one with the lowest overpotential. Furthermore, the structural feature of this
system which enables such activity, namely the proximity of the pendant aniline to the redox noninnocent moiety, may not be limited to a bipyridine-based compound. The activity observed would
likely be enhanced by a persistent cis orientation, such as that of the BIAN system, which may yet
prove to be a significant step forward.
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Appendices

A. Guidelines for Proper Citation of Published Materials

From

Elsevier

(applying

to

references

44,

85,

and

94,

taken

from

https://www.elsevier.com/about/policies/copyright/permissions):

If the amount of material you are using falls within the limits set out in the STM
permissions guidelines, permission is automatically granted, and you are not required
to request permission in writing. Please ensure you acknowledge the original source
of the Elsevier material.

From

STM

permissions

(taken

from

https://www.stm-

assoc.org/2020_06_09_STM_Permissions_Guidelines_2014.pdf):

Permission is, or in the case of an express permission requirement, should be, granted
free of charge, with respect to a particular journal article or book being prepared for
publication, to:
•

use up to three figures (including tables) from a journal article or book chapter, but:

o not more than five figures from a whole book or journal issue/edition;
o not more than six figures from an annual journal volume; and
o not more than three figures from works published by a single publisher for an article,
and not more than three figures from works published by a single publisher for a book
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chapter (and in total not more than thirty figures from a single publisher for republication in a book, including a multi-volume book, with different authors per
chapter)
•

use single text extracts of less than 400 words from a journal article or book chapter,
but

o not more than a total of 800 words from a whole book or journal issue/edition

To our knowledge, the STM permissions guidelines have been followed for all applicable figures.

From Frontiers (applying to reference 51, taken from https://www.frontiersin.org/legal/copyrightstatement):

The copyright in the text of individual articles (including research articles,
opinion articles, book reviews, conference proceedings and abstracts) is not the
property of Frontiers, and its ownership is not affected by its submission to or
publication by Frontiers. Frontiers benefits from a general license over all content
submitted to it, and both Frontiers and its users benefit from a Creative Commons
CC-BY licence over all content, as specified below.
Images and graphics not forming part of user-contributed materials are the
property of or are licensed to Frontiers may not be downloaded or copied without
Frontiers’ explicit and specific permission or in accordance with any specific
copyright notice attached to that material.
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The combination of all content on Frontiers websites, as well as the design and
the look and feel of the Frontiers websites, and the copyright and all other rights in
such content and combination, are the sole property of Frontiers.
As an author or contributor you grant permission to others to reproduce your
articles, including any graphics and third-party materials supplied by you, in
accordance with the Frontiers Terms and Conditions. The licence granted to third
parties over all contents of each article, including third-party elements, is a Creative
Commons Attribution ("CC BY") licence. The current version is CC-BY, version 4.0,
and the license will automatically be updated as and when updated by the Creative
Commons organisation.

From

Nature

Communications

(applying

to

reference

9,

taken

from

https://creativecommons.org/licenses/by/4.0/):

Attribution — You must give appropriate credit, provide a link to the license,
and indicate if changes were made. You may do so in any reasonable manner, but not
in any way that suggests the licensor endorses you or your use.
No additional restrictions — You may not apply legal terms or technological
measures that legally restrict others from doing anything the license permits.
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From the Royal Society of Chemistry (RSC) (applying to reference 66, taken from
https://www.rsc.org/journals-books-databases/journal-authors-reviewers/licences-copyrightpermissions/):
How to use the Copyright Clearance Center for journals
Find the journal article from which you want to reproduce material and go to the
article landing page by clicking on the article's title.
Click on 'Request permissions', which will open up a new window containing
permissions information for the article. If required, click on 'Formally request
permission' to go to Copyright Clearance Center.
Use the drop-down menus to select the reproduction options you require and provide
any additional details needed. You will obtain the permission for free if both of both
the following conditions apply:
•

•

Your request falls within the terms of the STM Permission Guidelines (in short, up to
three figures from any one journal article or a single text extract of less than 400
words).
You are an academic, or you are reproducing the material in a publication published
by another STM Publisher (i.e. publishers who have signed up to the STM
Permission Guidelines, for example, American Chemical Society, Elsevier, Springer
and Wiley), or you are reproducing the material in your thesis.
After ‘Describe who will republish the content (person or entity)...’:

•
•
•

if you are an academic, choose 'Academic institution'
if you are reproducing the material in a publication published by an STM publisher,
select 'Publisher, STM'
if you are reproducing the figure in a thesis or dissertation, please specify 'Academic
institution'.
When your order has been accepted you will be sent an email providing the order
confirmation and any licence details.

The above directions were followed for the relevant reference, and was confirmed:
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From Wiley-VCH (applying to references 70, 89, 113, and 126, taken from
https://www.wiley.com/en-us/permissions/General-Permissions-Queries):

Wiley partners with RightsLink to provide permission request options at the
point of content. RightsLink facilitates permissions requests across a variety of uses,
including republication in print or digital formats, broadcast media, educational
materials, commercial publications, and more. Reuse of Wiley content for a thesis or
dissertation may be obtained by completing a request through RightsLink.
To request permission at the point of content, visit the Wiley Online Library
or Wiley.com page of your desired content and click on the “Request Permissions”
link.

Permission was requested and granted for all references

From the American Chemical Society (ACS) (Applying to references 11, 16, 43, 52, 68, 84, and
86, taken from https://pubs.acs.org/page/copyright/rightslink.html):

Before requesting permission for the use of any material, check to be sure the
image is not credited to a source other than ACS. The credit may be given in the
figure/table/chart caption or in the reference section. ACS cannot grant permission
for material for which it does not own copyright.
1. From the ACS Publications Web site pubs.acs.org, navigate to your desired content
via the Journal A–Z list, from the Advanced Search interface, or by going directly to
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the article's abstract using the journal's Table of Contents or Browse by Issue Search
or Citation Search widgets, found on each ACS Journal Home page.
2. From the article's Abstract or Full Text HTML page, click on the Rights &
Permissions link in the Article Tools column—located directly to the right of the
bibliographic information (title, author, affiliation).
3. A new window will open to display RightsLink information. In the dropdown menu,
select the appropriate reuse option for the ACS content and provide any additional
order details.
4. Create an account, if you have not already done so.
5. Accept the terms and conditions to complete the process.
References 11 and 43 were covered under Creative Commons as indicated by ACS
AuthorChoice or ACS Editors’ Choice, described by the following:

This ACS article is provided to You under the terms of this ACS
AuthorChoice/Editors’ Choice via Creative Commons CC-BY agreement between
You and the American Chemical Society (“ACS”), a federally-chartered nonprofit
located at 1155 16th Street NW, Washington DC 20036. Your access and use of this
ACS article means that you have accepted and agreed to the Terms and Conditions
of this Agreement. ACS and You are collectively referred to in this Agreement as
“the Parties”).
1. SCOPE OF GRANT
ACS grants You a non-exclusive and nontransferable permission to access and use
this ACS article subject to the terms and conditions set forth in this Agreement.
2. PERMITTED USES
a. ACS grants You the rights in the attached Creative Commons Attribution 4.0
International license. Consistent with the Creative Commons Attribution 4.0 license
we note that any use of the article is subject to the following conditions:
i. The authors' moral right to the integrity of their work under the Berne Convention
(Article 6bis) is not compromised.
ii. Where content in the article is identified as belonging to a third party, it is your
responsibility to ensure that any reuse complies with copyright policies of the owner.

Permission was requested and granted for all remaining references.
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B. Informal Recommendations for Future Work

It is the intention, when writing a dissertation, to tell as complete and thorough a story as
possible of the work performed during one’s time as a Ph.D. candidate. However, not all such
work is complete at the time of this writing, and in the interest of transparency and the continuation
of this line of research, I include here the shortfalls of the research presented above.
Many more DFT calculations were performed than were shown here. My practical
knowledge of computational modelling is largely self-taught, and there are doubtless some errors
in the assumptions used, especially with regards to the analyses in Chapter 5. If possible, use
models established in the literature and apply them in Gaussian, which is a more flexible software.
Although “it is a poor craftsman who blames his tools,” I can’t deny that the availability of
equipment matters significantly. Many of the poor-quality initial CVs I ran were on a potentiostat
that did not allow for fast, direct comparisons between voltammograms. But the main shortfall of
the electrochemical techniques used is the lack of spectroelectrochemical analysis, which is used
in most papers involving novel redox behavior of Mn(R-bpy)(CO)3X systems. I relied heavily on
my computational models to make up for our inability to get good IR-SEC data. I believe that my
conclusions are largely correct, but it may be worthwhile to test Mn(6,6ʹ-Me2bpy)(CO)3Br at
different concentrations if someone is going to get trained on IR-SEC instrumentation. This may
also clarify the behavior of Mn(6-Mebpy)(CO)3Br and Mn(pqn)(CO)3Br to determine if the
syn/anti hypothesis is correct. The latter in particular has been troublesome to characterize due to
its instability and lack of robust synthetic and purification procedures. Characterization of all metal
complexes is difficult due to having to send away for HRMS, EA, and EPR analyses.
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The property comparison with Bocarsly’s work in Chapter 2 is worth revisiting and
including other literature data. Some of the reported values are inconsistent with my own analysis
of the raw data. Our own UV-Vis data is suspect in terms of absorbance; working on such a small
scale, small errors in weight measurement led to significant errors in concentration. As such, I
have not converted the absorbance values to molar absorptivity. Electrochemical analyses like
Randles-Sevick and foot-of-the-wave analyses could be worthwhile; I avoided learning these
techniques for too long, but the quantitative aspect of electrochemistry is necessary for catalytic
benchmarking or novel redox behavior. Try TOF calculations on the acid-concentration-dependent
pendant amine complex CVs.
I performed little of the work on Mn(dmabpy)(CO)3Br and Mn(Hzbpy)(CO)3Br except for
the catalytic benchmarking and final CVs. Re complexes of these ligands (as well as Anbpy) have
been made as well but have not been subject to much scrutiny; some synthetic information as well
as a preliminary CV are likely all that’s salvageable. It may be worth synthesizing these complexes
as a point of comparison to determine if coordination by the pendant amine is significant. The lack
of current enhancement at the protonation-first was surprising, especially with the complexes with
pendant amines. Phenol is expected to be more acidic in acetonitrile, but we moved away from
experimenting with it because it is annoying to work with. Stronger acids may also help.
CPE trials were only performed once, a shortcoming which is unfortunately all too
common in electrochemical work. Some equipment and techniques have been developed in the
past few years to make the whole of Echem more consistent and user-friendly, but I was on my
way out at that point. Analysis of gas products was somewhat inconsistent, as it is difficult to
ensure that no gas escapes the cell.
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The BIAN ligand system has a number of idiosyncrasies, and is not an ideal system for
first-timers. However, Clamshell is easily synthesized and altered, so it is still a worthwhile ligand
to investigate; just be very deliberate about understanding all of the orbitals, and assign any redox
event as metal- or ligand-based before trying to understand the next one. I believe the two easiest
next Echem analyses of Clamshell complexes would be on an iron complex, and on the cobalt or
nickel complex with methanol added to give the metals octahedral geometry. I have also done DFT
calculations to model a BIAN made via condensation with Anpyr, which I suspect could behave
similarly to Anbpy, though sulfonate groups should be added to avoid hydrolysis.
BIAN-cyclam will likely be more effective if the N-aryl groups are replaced with N-alkyl
groups, but reduction of the diimine will likely remain difficult and highly air-sensitive. Copper
complexes of both Clamshell and BIAN-cyclam were synthesized, characterized, and subjected to
preliminary CV analysis, but were not included here as copper did not differ significantly from
any other metal. The results have been written up and are available upon request from Dr. Caputo.
Similarly, some work was done by Joshua Reynolds on the synthesis of a cobaloxime catalyst built
from the Anpyr ligand and other Clamshell synthetic intermediates. Cobalt and Nickel clamshell
complexes were briefly and unsuccessfully investigated for use as hydroborylation or
hydroamination catalysts. I recommend not going down that road.
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C. Summary of Work for a Nonscientific Audience

I’m going to preface this section by stating that I don’t like walnuts that much.
Climate change is the existential threat of this generation. It is capable of killing millions
or even billions of people over the next hundred years, to say nothing of the damage it will do to
animals, ecosystems, and economies. And the root of this problem is a single, simple molecule:
carbon dioxide, or CO2. CO2 is produced by the burning of fossil fuels (as well as many other
processes), and as it increases in concentration in the atmosphere, it acts as a greenhouse gas to
trap heat on our planet. CO2 is a very stable molecule – it’s a tough nut to crack. It requires a large
amount of energy to turn it into something more useful and/or less harmful. This energy has
historically come from fossil fuels as well, making it impossible to stabilize or reduce the amount
of CO2 in the atmosphere without relying on renewable energy. In particular, solar energy offers a
theoretically unlimited source of fuel.
Solar energy can be collected by solar panels and transformed directly into electricity.
However, the infrastructure of our society has been developed around liquid fuels like gasoline
and oil. Cars, furnaces, most of the electricity from the grid, these all rely on obtaining some highenergy liquid fuel and burning it. It makes sense, therefore, to use sunlight to create liquid fuels,
either directly via photosynthesis, or indirectly by generating electricity, which can be used to
make liquid fuels. In this way, it is possible to transform CO2 back into fuel by applying enough
energy. Another fuel, hydrogen gas (H2) can be generated in a similar way. H2 has the advantage
of producing only water when it is burnt, and can even be reacted directly with CO2. The energy
requirements for these chemical processes are not cost-efficient, but we can decrease these
requirements by using catalysts – tools scientists use to make a reaction work with less energy.

297

Think of CO2 as a walnut. It’s hard to open because the shells (the chemical bonds) are too
tightly bound together. So you use a tool. Get a hammer and you can crack the shell open without
too much trouble. The problem is that the catalysts we have which are very effective are also very
expensive, because they rely on scarce and finite metals. Imagine if the hammer had to be literally
made out of gold. There are ways around this, however: in addition to the metal, catalysts have
frameworks of atoms that help them do their job, and these frameworks are called ligands. If the
ligand is made more complex, the catalyst can do the same work as the more expensive one, even
with a metal that is less powerful (but more readily available). In this case the tool is a screwdriver.
It can pry open the shell, but it requires you to hold the walnut steady, and maybe get your fingers
in a specific position. This is our approach when making new catalysts: design the ligand
framework in such a way that you can accomplish the same goal (breaking open the CO2) with a
more abundant metal, and with less energy required overall. There are examples of catalysts which
don’t require any metals at all, but these are very complicated – squirrels can do it, but I wouldn’t
keep one on my tool belt.
In this dissertation I describe the work I did developing these catalysts. Ideally, they could
do their work using only sunlight, but it’s often easier to make catalysts where the energy is
delivered using electricity – electrocatalysis. Similarly, it would be preferred if the products of this
catalysis were actually useful fuels, but I generally only looked to see if the catalysts could turn
CO2 into carbon monoxide (CO), which is better than CO2 as it’s not as strong a greenhouse gas.
So what did this look like? We made compounds that we were relatively sure could act as
catalysts. Then, we dissolved these solids in a solvent, like you would do with sugar in water. We
hooked up electrodes, which work just like they do when hooking up cables to a car battery – one
side puts the electricity in, one side takes it out – although we also had a third one to keep track of
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the current. We could push CO2 into the solution with pressurized gas. We also put in acids, which
provide a source of protons (two protons and two electrons make H2, but protons and electrons are
also used to turn CO2 into CO).
Initially, we used a ligand which was previously used in other types of catalysis, like to
make polymers. We wanted to see if it could also transform CO2 or generate H2. This ligand was
called the Clamshell, since it had a sort of hinge structure that we thought would be useful, just as
your fingers wrapping around the walnut shell would be. Unfortunately, it didn’t seem to do the
work we wanted it to. We saw evidence that we could put electrons into the system – a necessary
step to achieve catalysis – but it wasn’t giving them up to the CO2 effectively. This would be like
taking a rusty screwdriver and instead of getting rid of the rust, you got it a shiny new handle. We
tried making a similar ligand, but with a different shape: now, instead of one “finger” keeping the
walnut steady and applying pressure, there were two, and instead of interacting with the walnut
directly, they were acting to stabilize and guide the screwdriver to the proper position. Even though
there are plenty of examples of something like this working, the problem was still with getting the
electrons out – the screwdriver was still too rusty.
We switched to a different type of ligand. This one was a lot more rust-proof, and was more
popular in the field. We tried attaching our “finger” add-ons to it, but it made it a lot more
complicated to understand. It turns out that we were adding them to a strange location, right at the
tip of the screwdriver. Most scientists put the add-ons on the handle, so we were getting
complicated data because we were changing too many variables: the position of the add-on, and
the nature of that add-on (most scientists didn’t put “fingers” that could stabilize the walnut, they
would add grips to the handle or make it some sort of half-screwdriver-half-wrench). So we
simplified the system and just put extra nonfunctional metal bits on the tip.
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It turned out that these extra bits had a bigger effect than we had predicted. To understand
this, it’s easier to switch metaphors: the CO2 is a fly, and our catalyst is fly paper, and in order for
it to do anything, we have to peel off the protector off of the fly paper so the fly can land there. In
a lot of catalysts that use this type of ligand, the fly paper ends up sticking to itself and you have
to apply more force to keep it open for the fly to land on. Some scientists managed to prevent this
by adding weights to the side of the paper, but we only added small weights, and it was still able
to prevent the self-sticking. We actually found a sweet spot where, whether or not it would stick
to itself depended on how fast we took off the protector.
So with this knowledge in hand, we were able to figure out what was going on with our
more complicated “finger”-based screwdriver. I also tested out some other similar screwdrivers
that a colleague made. In general, these catalysts weren’t much better than a regular one.
Surprisingly, my original design mostly missed the walnut and opened up a nearby pistachio
instead (hydrogen). The other ones, we’re fairly sure, didn’t work because the screwdriver kept
hitting the fingers instead of the walnut.
Finally, I took that catalyst that opened the pistachio nut and did some control tests – seeing
if the fingers themselves could open it up even without the screwdriver (the metal). This actually
worked, though more testing is necessary to make sure that it wasn’t a fluke. In particular (moving
back to the actual science now), we had to add in a lot of acid (so a lot of protons) to make the
catalyst work, so we need to make sure that the catalyst was improving the overall performance of
the system, above the performance of a system where you just add in acid without the catalyst.
Overall, the catalysts we made offer some useful jumping-off points for future scientists to use to
guide their research; they probably won’t be used to make fuel directly.
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